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Abstract 

A brief chemical introduction is given which 
includes short discussions of the principles of oxidative 
addition, the history of the solution studies performed 
on tris-triphenylphosphinechlororhodium(I) - known as 
Wilkinson's catalyst, and types of dioxygen coordination. 

The dioxygen derivatives of the above complex 
and its iodo analogue were synthesized. The crystal and 
molecular structures of the red and orange modifications 
of the catalyst and its bts and trtis-triphenylphosphine 
dioxygen derivatives were determined. 

The bis-phosphine dioxygen complex crystallizes 
moiche space: group PL’ (a, .13. 889(7)< b, LS 2G7B(G). cy 
11.433(5) A; a, 105.73(4); 8, 115.74(3); y, 100.97(4)°) 
1.469 


with 1 molecule per unit cell (p 124702" p 


obs’ Gal c’ 

g-cm ”). The model converged to a final R factor of 0.044. 
The complex is a dimeric species with dioxygen molecules 
bridging the rhodium atoms in a novel manner. 


The tris-phosphine complex crystallizes in the 


Space group Pbca with 8 molecules per unit cell One 
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2210 ep Py EONS g-cm ). The axial parameters are: 


cal¢ 
° 

Bees ely (A) bb, 18.359(2) cc, 23.200 (4) Aw (the refine— 

ment converged at R = 0.049. The molecule contains a 


m-bonded dioxygen ligand with additional hydrogen bonding 


being evident. A discussion of the dioxygen bonding in 
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both derivatives is included. 


The Orange allotrope of RhC& (P (CH crys- 


33 
tallizes in the space group Pna2, (a7) - LO 2470S) 

fe) 
12.0092) eC, 13.202(3) A) with 4 molecules per unit cell 


(0 hs LOH eh 


Soba" mies 2367 g-cm™ >) . The refinement con- 
verged at a conventional R factor of 0.047. The complex 
has a square planar central geometry with a small approx- 
imately tetrahedral distortion. 

The red modification of RhC& (P (Ce H-) 4) 3 crys- 


tallazes: in the space qroup.PnaZz. (Ca, 32.96 (1); b, 


1 

(eee ta)- Cc, 11013 G-em)) with 4 molecules pexcamnit 
Ba . 

Cet (Ore! EWeehs ae Peete! 1.379 g-cm ~). The refinement 


converged at R = 0.042. The complex has a more distorted 
central geometry than the orange form. Variations in the 
rhodium-phosphorus and phosphorus-carbon bond lengths 
within the same species are discussed and comparisons 
drawn between the two forms of the catalyst and the two 
dioxygen derivatives. 

TwO Very Briel appendices ave uncludeda and give 
explanations of computer programmes used and symbols not 


defined in the text. 
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CHAPTER I 


Chemical Introduction 


Transition metal complexes are known to be 
very reactive in promoting chemical reactions and play 
an important role in the transport of molecular oxygen. 
One such complex, RhC 4, (P(CeH.) 3) 3 ae acts as a homo- 
geneous catalyst in a number of chemical reactions 
and binds molecular oxygen. It was extensively studied 
when the research described in this thesis was initiated. 
The following points are important when considering 
homogeneous catalysis by this complex: (1) the general 
principles of oxidative addition, (2) the history of 
the solution, studies of RhC 2(P (CEH) 3) 3 and (3) the 
types of dioxygen coordination in transition metal 
complexes. These topics will be briefly presented in 
this chemical introduction. 

A number of publications have appeared dealing 
with transition metal complexes that react in a catalytic 
Manner and these have been classified as proceeding by 


ce insertion ony 


mechanisms such as oxidative addition 
ligand exchange 2 and reactions with Lewis acids or 
bases A Attempts have also been made to outline the 
fundamentals of catalysis more generally oe however 


no scheme has been presented, except perhaps the 16 and 
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18 electron rule vee which relates the different 


reaction types or permits mechanistic predictions. 


Principles of Oxidative Addition 

The term oxidative addition has been used to 
describe a large variety of reactions in which an in- 
crease in the oxidation number of the metal is accom- 
panied by an increase in the metal coordination number. 
The oxidation number is designated following the accepted 
convention of assigning to the ligands in the complex 
the shared electron pairs which constitute the metal- 
ligand o-bonds. A typical reaction of this type is 


Use alles 


the hydrogenation of Vaska's compound depicted in 


equation l. 


7 (ttt) 


size! SUTGcfon els (2) Celare OG ere i ) 


5) 3) 5 (CO) C2 (P (C,H) 


Be 
Cr) 

The occurrence of oxidative addition reactions 
shows an inverse dependence of the preferred coordination 
number with the d-electron population of the transition 
metal. This trend illustrates the constraints ae 
18 electron (or noble gas) rule where stable config- 
urations of complexes are restricted to those in which 
the total number of valence electrons (comprising the 


transition metal d electrons and the o-bonding electron 


pairs donated by the ligands) does not exceed 18. Other 
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Jep0e configurations usually having 16 electrons are 
known as coordinatively unsaturated complexes. These 
unsaturated complexes undergo a large number of catalytic 
reactions and coordinative unsaturation is a prerequisite 
for catalysis and usually a prerequisite for a complex 
Leche *able Sto react by an oxidative addition mechanism. 
The closed shell configurations corresponding to 18 
valence electrons tend to be particularly stable and 


widespread. 


Oxidative addition of Vaska's compound could 


be represented as te 
-2e 
— 
ML, + Ly —= ML (2) 

+2e 

8 6 

dad (16 electrons) dad (18 electrons) 

GSES} 


however Vaska et al., have shown such a class- 
ification proceeding by a two electron step, to be 
unrealistic. They found that the concept of integral 
oxidation states for ae metal did not agree with the 
gradual variation in the carbonyl stretching frequencies 
as ligands of varying electron accepting abilities 
(acidities) were coordinated. These frequencies varied 
Brompl 96 7 cm + in the parent AG complex, with an 
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Oyvication niunber,Ofe).0 to a final valuesot 2075 cm 


forech orine acdi tron ,s1eidiumsoxidation state 3.0.) sthe 
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carbonyl stretching frequencies were used to assign 
relaerve*oxidatlvon= states ito thesmetal. “lt was’ found 
that the addition of ligands was easily reversible to 
errelative Oxrdation State or 29274 -"stable put stile 
reversible from 2.46 to 2.85 and stable irreversible 
Peon 2205 CO 2.02" “The =compilex RhCL(P(CeH,) 3) 3 has no 
such convenient spectroscopic feature and structural 
studies are required to furnish similar information. 
Oxidative addition reactions of these complexes 
should not be considered as integral donations of 
electrons from the metal to the incoming ligand, the 
coordination number being increased simultaneously, but 
rather as a gradual sharing of charge depending upon the 
electronegativity of the new ligand. Ligands accepting 
only small amounts of charge would not be expected to 
coordinate strongly or if diatomic molecules they would 
not be particularly perturbed by “such donation. Con= 
versely ligands such as Cho accepting large amounts of 
charge from the metal would be highly perturbed by this 
charge addition, strongly bound and the original diatomic 
structure destroyed. Other evidence to support this 
includes the structural data on dioxygen derivatives of 


Lippi 859 and its analogues a where 


Vaska's compound 
it was found that the greater the perturbation of the 


Gioxygen molecule (as indicated by the increase in the 
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ee en distance), the more irreversible was the 
oxygenation. (05) Ir (CO) C2 (P(C-H,) 3) 5 has an oxygen- 
Oxygen distance.of. 1;,30(3) A eonpared wosl. ols) A in 
the iodo analogue. The first complex can be deoxygenated, 
whereas the second cannot. This trend was also re- 
flected in the structure of the complex (05) Ir((C.H.) 4 ~ 
PCH,CH,P(C,H.) 5) 5 where the oxygen-oxygen distance was 
126342) A and again the oxygenation was irreversible. 
Vaska and a number of other authors have studied the 
reactions of related iridium and other Be complexes 
with gaseous molecules. The various influences upon 
reactivity have been separated and studied as follows. 
Vaska et al., a studied the role of the metal 
by substituting cobalt and rheodium-for iridium in the 
complex Ir(2=phos) 5X, where 2=phos : cis-(C;H.) ,PCH=CHP = 


(CpH,) 5 Anak esC. ail eh ae 
LS 722=24 


Ame B(C;H.) y cnenl though ga 


number of studies have been carried out, com- 
parisons had only been made between second and third 

row transition metal complexes where the usual reactivity 
order was third row > second row and bv assumption 

also > finst, row. .Vaska et al., found. a.reactivity 
order of Co ) ice Rh. They also noticed that the 
enthalpies of activation were proportional to the 
electronic, excitatiom energy ot the three complexes .and 
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possibly to their Jigand field stabilization 
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Snergiea. Ine initial structure of the complex was also 


found to be important as CoC £(P(CH,) ) 


3) 3" reportedly tetra- 


hedral om was relatively inactive to hydrogenation and 


oxygenation, whereas the more planar rhodium analogue ee 


AA fa 


is reported to be reactive ee TheErs 2b aL. 
Amma et pea te tsa fromstructural data on’ similar 
complexes that the overlap between the ligand and sub- 
strate orbitals was less in rhodium than iridium com- 
plexes, owing to the higher energies of the rhodium d 
OrpiLtals. 

Vaska, Chen and Senoff uc examined the role 
of the halide and found that the reaction rate was 
proportional to the basicity of the complex in the series 
A:F, NCO, OCZO 


(0.) IrA(Co)(P(C.H.) 3) Ci beetc. in 


2 38 
addition the free energy of activation increased with 


increasing energy of the electronic transition in four 


halo complexes. The calculated enthalpy changes for 


oxygenation were also similar to that for oxymyoglobin oe 


Vaska and Chen — compared the rates of 


oxygenation of Trg (CO) (PR,) and found that the rate: of 


2 
formation and stability was directly proportional to the 
basicity of the phosphine ligand. Steric complications 32 
were also apparent as ortho substituted groups did not 


undergo oxygenation whilst meta and para substituted 


analogues did. Other bulky ligands also appeared to 
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inhibit the reaction. These effects have been illus- 


trated structurally as the more basic complex 


(05) Ir (CO) C2 ((CH.) . (C5H,) P) . es had a longer oxygen- 


oxygen bond length (1.46(2)A) than its less basic 
° 


15,16 and others ae ee studied 


analogue (0) Ir (CO)CL(P (CEH 

Vaska @¢ al., 
the effect caused by changing the incoming covalent 
molecule and found that the chlorine-iridium-carbon 
angle varied considerably. They proposed that in 
keeping with the concept of non-integral metal oxidation 
states, the geometries could be interpreted as involving 
fractional coordination numbers of the metal as some 
structures were clearly intermediate between regular 
structural types. When the ‘acidity' of the incoming 
molecule was varied, it was found that the greater the 
acidity, the less reversible and more rapid was the 
resulting reaction. 

Perhaps a better method of comparing these 
complexes is as a series of compounds either having 16 
or 18 electrons depending upon whether the complex is 
coordinatively unsaturated or saturated. These 
electrons should not be designated as being specifically 
associated with either the metal or ligand orbitals but 
rather as being located in a series of metal-ligand 
orbitals, the nature of which depend upon the basicity 


of the initial metal complex and the acidity of the 
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incoming ligand. 


Solution, Studies of RhCL(P (CHE) 3) 3 
The initial publications of Wilkinson ev Base 


and Bennett and Longstaff : suggested that RhC 2 (P (CH ) 


5) 3 3 
underwent an initial dissociation step with loss of 
triphenylphosphine upon dissolution. The research men- 
tioned in this thesis was initiated when this was still 
the accepted viewpoint. If such dissociation did take 
place then the solution species would either have solvent 
coordinated to the metal or be coordinatively unsaturated 
with a minimum of 14 electrons in degassed solutions. 
In recent years a large amount of research has been 
directed towards the understanding of the nature of the 
solution species as it was thought to be highly relevant 
Cocke eclion. oF RACL (P (CH) 3) 3 as a homogeneous 
solution catalyst. In addition if such solution behaviour 
was correct then there appeared to be inconsistencies 
between the ostensibly similar compound Ir (CO)C%(P(C.H,) 3) 5 
and RhC*%(P (CH) 3) 3 and the rhodium complex would not 
react by an analogous oxidative addition mechanism. 

Eaton and Stuart oe studied the eke NMR of 


RhC% (P (Ce H_) 3) in CDC’. ana found no peaks of significance 


& 3 


associated with free triphenylphosphine. They did however 


find some evidence of triphenylphosphine oxide and when 


the concentration of the complex was lowered to ‘ie © M, 
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some small peaks possibly representing free triphenyl- 
phosphine were observed. They concluded that the degree 
of triphenylphosphine dissociation was less than 5% in 
solutions with concentrations in excess of hogs Meed In 
addition there was no evidence of halide dissociation. 
The coordinated triphenylphosphine ets-trans splitting 
was then studied and the activation energy for cis-trans 
isomerisation found to be ~6 kcal-mole +. The rate of 
this isomerisation was greater than the rate of ligand 
exchange. A simple dissociative mechanism was thus 
eliminated as the mechanism of isomerisation. They then 
concluded that although the intermediate could have been 
a tetrahedral isomer this was not confirmed.and the 
intermolecular mechanism probably involved a structure 
Similar to, aneion pair intermediate with one,vofi the tri- 
phenylphosphine ligands less strongly bound than the 
other two. Their study directly contradicted the simple 
dissociative mechanism predicted by Wilkinson et al., in 
solutions of concentration greater than wenn M. These 
earlier conclusions were based upon osmometric studies 

so Eaton and Stuart repeated this work and confirmed 

that the molecular weight of the solution species was 
approximately 600, thus indicating a bts-phosphine complex. 
The inconsistency between the NMR and osmometric findings 


thus remained. 
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Augustine and Van Peppen Ze found that the 
dissociation of RACk(P (CEH) 3) 3 ececurred ready Jin 
benzene but was completely inhibited by even small 
amounts of ethanol: their results again being based upon 
osmometric studies. They also noticed that the amount 
of oxygen reacting with the complex was quite solvent 
dependent and postulated the rather unusual species 
[(O,) RhC’ (P(C-H,) ,)5),0 as a product. However the 
analytical results leading to this formulation are far 
from convincing. The isomerisation of olefins by 
RACe(P(C He) 3) 3 was also found 2 to be most dependent 
upon the presence of oxygen and the solvent used. 

Lehman, Shriver and Wharf _ suggested that 
although the solutions used in the osmometric studies 
had all been stated to be degassed, some oxygen may have 
been present, causing a lowering of the apparent molecular 
weight. They rigorously excluded air from their experi- 


ments and initially added BF. to the solution. If free 


3 
triphenylphosphine was present they should have obtained 


5) 3PBF., 


formed. Freezing point studies were then undertaken with 


the complex (C pH however no such species was 


thesolvents being “first distilled under mitrogen, degassed 


at high vacuum and transferred in a high vacuum line eure 


On four determinations in benzene ranging from 2.39 x HO 


COp 228 Sx Lome M, they obtained a molecular weight of 
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S50" 2°40 cy. 925" tor’ the parent complex. “Using™ 41 ,2= 
dichloroethane” the value was ~920 for a 3.22 x Hore M 
solution. A trace of oxygen was then admitted and the 
apparent molecular weight in both solutions dropped to 

ea. 600 (in agreement with the previous osmometric 
results). It thus appeared that these earlier results 

were incorrect and that the presence of oxygen was 

causing the lowering of the apparent molecular weight. This 
was supported by the appearance of triphenylvhosphine oxide 
peaks in the ss) NMR studies of Eaton and Stuart as this 
complex has been shown re tow be a product from tne reaction 
of similar homogeneous catalysts with oxygen. The 225 
NMR results were confirmed at similar concentrations by 
Shriver et al}. 

Arai and Halpern oe then determined the equilib- 
rium constant for dissociation spectrophotometrically in 
benzene (1.4(t .4) x ane Mat 25°C)" and wcain "supported 
the amended conclusions that in more concentrated solution 


2 


finuexcess of 10° M)) dissociation was not extensive. 


The nature of RhC 2 (P (CH in benzene and 


Bees 
CatOrinacee NWyaroOcaroons Under inerl atmospneres thus 

appeared to be settled. As the hydrogenation reactions 
involving this complex included an initial interaction 


with hydrogen it was necessary to find out whether this 


reaction proceeded by a normal oxidative addition 
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mechanism or involved, as was apparently the case in the 
oxygenation reaction, expulsion of a triphenylphosphine 
upon coordination of the gaseous molecule. 

Meakin, Jesson and Tolman He undertook a UV 
spectrophotometric study of RhCL (P(CeH,) 3) 3 with hydrogen 
in methylene chloride and observed that as the concen- 
tration of hydrogen was increased only one isosbestic 
point was obtained (360 mu). This indicated the presence 
of only two chromophoric species in solution. From their 
additional oop and ae NMR studies they concluded that 


these species must correspond to the equilibrium: 


ee) (3) 


= 
H, a RhC% (P (CH) 3) 3 oe 5 3)3 


As 
jal eda (P(C He 


This reaction could then be considered as proceeding by 

an oxidative addition mechanism. Tolman a has proposed 
a complete mechanism for the hydrogenation of a terminal 
olefin by RhCL (P(CpH-) 3) 3 with two paths arising from the 


DGseiDiIT@EyVOL Goordinating hydrogen: or -olefineinicraliy. 


Molecular Oxygen Complexes 
Molecular orbital theory has given an explanation 


for the biradical nature of the dioxygen molecule in its 


46 ,3 


ground state ({5). ) Table l shows the molecular orbital 


cONtigureations for Varlous states of dioxygen. The excited 
z 
state “AO 


Z 
mole + 4’ above the qroundstate. The other diamagnetic 


is diamagnetic and is Tocated at 23.4 Kcal= 


WW. 6 secinaatel nemton: § 
tami saw gravee sonia 0 ieee 
~pebage eed an asda: hovveade ine sbixelsa onalystvem, ah 
aigesdaqat aur yee, boonetyat aw Keapotby to aottert 
soaaderg oft Redentbal ein? ~(um Ooh) Beakerdo dew 2ntoq 
views mort oo Liptos wi eotoege airedgrnonds ows yee, 40 
48: Sebiiiaon jem eetbaoe fei HW” beta aft intotsahbe 
vishades dyipa: en a3 paogesivsds: savin enka — 


gh 


(2) otal orn HS e be (ave Stet + 
vt potbdsvotiy| es Rerehtenoy od ned Btio palanees SEE 
Leroqon. 2en ** cemtene sates fipom sottlbbs ovicabing mf 
fonltked « to nabisitipathyd) sd4 xb) aesnevnsm otelqege se 
ait moat poheive ensag oles iw ety (aga) 2) jot yd atteto 
—UWlisitink olyold x0 agpouhyl puitenibaooo Jo ystlidiaeed 


nexefomed nepys0 YeluoeloM 
noisénbtars ne voVip eat yrosdd tetldee ys fiesta 
est nt airoston sagiaetb eds Xo. euten loothexid ody 102 
tadiéio Yetwsoton dts gunna "Y wider”. (2°) ™ aude bawhOry 
esvone sit .codytodh 20 Seeade exotaky 26% ano bit waugstnoo 
| ARON WES 4a badoel 22) Bike oAitenpemeib 8h 08" atede 
amined cult cedkdabindiows ads oveds * Sorom 


tus 


The other diamagnetic state ty with opposing spins 
requires even more energy (37.5 kcal-mole). The 
superoxo ion (O, ) and the peroxo ion (057) should be 
paramagnetic and diamagnetic respectively. 

The geometries of the dioxygen molecular 


48,49 


orbitals are shown in Fig 1 and the oxygen-oxygen 


distances in 05 ye 0, and oa have been measured and 
are listed in Table 2. As a result coordinated dioxygen 
has tended to be classified on its oxygen-oxygen bond 
length alone and not by consideration of the geometry 

of the coordination between the metal and the dioxygen 
and 


molecule. Species such as (0 )IXCk& (CO) (P(C.H ) 


2 3 3)2 
(05) IrI (CO) (P(C.H.) 3), with oxygen-oxygen distances of 
17303) sandal. 512) A respectively, have thus been 
classified initially as containing either a superoxide 
or peroxide ion. They should however (as mentioned 
earlier) be viewed more realistically as involving dif- 
fering degrees of charge transfer from the ligand to the 
metal and. vice versa but not in van integral fashion. 
Unfortunately these bondlength classifications have been 
extensively used in the discussion of the bonding within 
a number of the following dioxygen cobalt complexes (see 
Table 4). 


Compounds undergoing oxygenation have been of 


interest for some time as oxygen transport in biological 
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systems 20-52 and a number of autoxidation reactions 


43-58 
are thought to proceed by the formation of an initial 
oxygenated complex. The first example of a synthetic 
reversible dioxygen carrying complex was prepared in 

oss oP 6 when it was found that red-brown crystals of 
bis~-Salicylaldehyde ethylenediimine cobalt(II) darkened 

on exposure to air. It was five years before this dark- 
ening was attributed to the reaction with molecular 


by 61,63 has been directed into 


oxygen aCe Much research 
understanding the nature of this complex and other dioxygen 
species. 


Definitive studies of the structures of dioxygen 


complexes suggest three major structural categories: 


“gil cara OD Di ie oO 
— 


O 


Ci) (11) Gl) 


A Varge number Of ‘class (1) ~“complexes¥ have been prepared = 


some of which are represented in Table 3. The bonding in 


64 and is 


these complexes was first proposed by Griffith 
discussed in later chapters. A number of cobalt complexes 
with. ‘classed(11) structures are” known “the more’ important 


mentioned in Table 4. These complexes have either a 


planar w-superoxo dioxygen bridge, the compounds thus 
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being paramagnetic with oxygen-oxygen distances of 1.28 - 
o 

Po36 “A; ‘Or -arnon planar We-peroxo bridge in’ diamagnetic 

species with large variations in the torsional angles 


and oxygen-oxygen distances when compared to H The 


Dv: 
U-superoxo complexes ‘can occur in either staggered or 
eclipsed conformations. 

Class (111) complexes are postulated to contain 
a bent dioxygen-metal bond. This has been observed in 


the stricture of [Co (bzacen) (0.) ]pyridine, bzacen = 


65 
2 


° 
angle was 126° and the oxygen-oxygen distance 1.26(4) A. 


((C,H,)C(O ) CHC (CH,)N(CH, )) where the cobalt-dioxygen 


A number of similar reversible oxygen carrying complexes 


66-69 


have been studied and along with oxycoboglobin 


and oxyhemoglobin/+"/4 


have been postulated to contain 
Similar structures. 

A large amount of research has been directed 
towards understanding the mode of oxygen addition to 
hemoglobin and the matter still requires resolution. The 
bonding models of Griffith and Pauling is have both been 
found to represent structures in synthetic analogues. 

The bent dioxygen-metal bond may be the more favoured 
current view because of the similarities in the structure 
of [Co (bzacen) (0) ] pyridine to that of vitamin Scan 


and henoclopimece The pyridine geometry is analoguous 


to the histidine imidazole ring close to the metal 
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in the latter two proteins. Studies on a reversible 
iron(II) complex dil suggest that the oxygenation of 
hemoglobin may be heavily influenced by the bulky peptide 
chains surrounding the active site. These may prevent 
the formation of a class (11) bridged complex and ensure 
the bent dioxygen bond. 

Other dioxygen structures have been postulated 


for a variety of synthetic dioxygen complexes ee te 


with 
tUtelesor no PSeructural Justification. 

The dioxygen complexes mentioned in this thesis 
may be viewed as belonging either purely to class (1) 


Or ae a mixeurce of Clase (1) and eGlass (lL) structural 


categories. 
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CHAPTER II 


Synthetic Studies 


Experimental 

All reactions involving gaseous molecules 
were performed in sealed vessels. The solutions were 
degassed by freezing in a liquid nitrogen bath and 
pumping on the solid material. The gas to be reacted 
was then introduced and the solution allowed to warm up. 
This cycle was then repeated several times. . Shriver = 
has discussed similar methods for handling air sensitive 
compounds. 

Infrared spectra were obtained using a Perkin 
Elmer 421 spectrometer with a standard slit width and 
the ultraviolet studies were carried out with either a 
Cary 14 M or a Cary 15 recording spectrophotometer. The 
former machine was used with a Cary 1411 reflectance 


attachment and a MgCO. standard block for the diffuse 


3 
reflectance spectra. In this study only a white light 
source was used as the UV lamps did not produce high 
enough outputs to give a spectrum. 

Melting points were determined on a Koffler 
Hot Stage and during the slow heating of the sample, the 


microcrystalline structure was examined continuously by 


Means of a microscope. 
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The micro- analyses (unless otherwise 
stated) were performed in this department by Mrs. D. 
Mahlow and Mrs. A. Dunn. The gas chromatography results 
were obtained by Mr. A. Clement of this department with 
a Sargent Secorder and using anes ft. Linde molecular 
esieveratss2-Cowithsa helium flow rate. of 60 G.cscminae. 
A Cahn Instruments Ince. Gouy Balance was used by Dr. D. 
Day who undertook the magnetic measurements. All mass 
spectroscopic studies were performed in this department 
with either an A.E.I. MS9 high resolution spectrometer 
or an A.E.I. MS12 medium resolution instrument. Both 
machines were operated at 70 ev. 

Chemicals were either commercially available 


or prepared as mentioned below. 


Methylene Chloride 

Three different brands of this solvent were 
tried with the reactions proceeding only in the brand 
with the most stringent specifications (Fisher Scientific 
Co.) 24 This selvent was inptilally redistilied butlas no 
effect was observed on the reactions when the Fisher 
samples were used without further treatment, later 


studies did not include this. precaution. 


Rhodium Trichloride 


This compound was purchased from the Fisher 
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Screntit2c/CO. Or from-AsD: Mackay Uta,; the latter 
material being recrystallized before use. 
) 


Tris-triphenylphosphinechlororhodium (1) [RhC£ (P (C,H ) 


Sp re! 3! 
This complex was usually prepared by the method 


described in the Piterature ae 


although one batch was 
obtained from Fluka AG, Switzerland. The crystals of the 
Orange allotrope of this complex were produced by a 
variation of the usual method. A solution containing 


io Rhe* * 3H,0 in 40 ml ethanol was added very slowly to 


s) 
a solution of 10 g triphenylphosphine in 100 ml ethanol, 
by diffusion through a filter paper over a number of 
davewati oo ©. MICrOanvelvytical analysis (Calcd. ©, 70.i: 
ee oe oe OA petlO. Oe Ri, ee ee OUMS We Com. Ue 

Hype 4.0; Ce, 3267 Py LOL? Ri, Ll.2. ) were performed by 
Pascher Microanalytisches Laboratorium, Bonn, Germany. 
THoseys idee were in excellent agreement. The melting 
point of the compound was 134-136°C. 

Crystals of the red form of RhC&(P(CeH,) 3) 5 
prepared for the structural study were obtained in an 
identical manner except that the triphenylphosphine 
ethanolic solution was added to the rhodium solution. 
Microanalytical analyses (Found: C, 70.6; H, 4.9 ) 


agreed with the literature values although the chlorine 


analyses proved unsatisfactory, owing to interference 
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from rhodium or phosphorus. The melting point (138-140°C) 
agreed with thellateratureevalues (138°C) = \cThe) diffuse 


Per ecltancesscpectra Of both forms 1s Given in Pig. 2. 


Dioxygen bts-triphenylphosphinechlororhodium dimer 


5) 3) 9°CH,C2 51, 


When oxygen was bubbled through a solution 


[(O,) RhC2 (P (C,H 


Con tars sige > og RhC2L(P (CoH) 3) 3 in 15 ml methylene 
chloride and the solution slowly evaporated at 7°C for 

two days a ~50% yield of red-brown diamagnetic crystals 
was obtained. All measurements were made on this material 
which appeared to be homogeneous. Carbon and hydrogen 
amalvces  (Catcd: C5 /,07 00 ,,2.ls Found: C,-5/,9; 

H, 4.2 ) were in reasonable agreement with the for- 
mulation but the chlorine analysis again proved difficult 
(Caled: 15,6; Found: 15). 

Oxygen was positively identified in the gaseous 
thermal decomposition products by gas chromatography 
after heating the complex in vacuo to 20°Cs. The infra- 
red spectrum of the solid residue showed an absorption 
(Ve bt 20 Se) consistent with the formation of complexed 
triphenylphosphine oxide oe The dimer undergoes a 
series of transformations during heating. The first 
visible transformation (80-85°C) appears to correspond 
to the complex dissolving in ats own solvent of Crystal— 


lisation. This was followed by loss of solvent, (110-120°C) 
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to give a glassy material which when heated to 134°C 

tends to explode violently. Thermal gravimetric analyses 
(carried out on a DuPont Thermalgravimetric Analyzer) 

over two days (Fig. 3) indicated avers the complex loses 
methylene chloride and a triphenylphosphine below 130°C 
(gradual weight loss occurring above this temperature). 

At 500°C the mass of the residue corresponded to a mass 

of 150 per rhodium atom. Infrared and proton NMR spectra 
(Varian A60) verified the presence of free triphenyl- 
phosphine in the sublimate collected on the cool sides 

of the evacuated reaction tube. Mass spectrometric 
studies on the dimer (inlet temperature, 120°C) showed 

no parent peak or any recognisable peaks except triphenyl- 
phosphine, triphenylphosphine oxide and their degradation 
products. Identical behaviour was exhibited by all other 
compounds tested although a range of inlet temperatures 
was always tried. 

[ (05) RhC2L(P(C He) 4) 5 *CHAChy]5 is extremely 
stable chemically, being inert to either strong acid or 
base and almost insoluble in all solvents tested. Re- 
crystallisation was thus impossible, however no evidence 
of impurities was found. The complex does dissolve after 
prolonged exposure to pyridine and an orange crystalline 
product is formed. Analysis of this complex proved un- 


satisfactory. ‘The infrared spectrum of the dimer (nujol 
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[(O5) RhCe (P(C-H_) ,).°CH,C2,], Thermal Weight Loss 
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mull, Fig. 4) showed the presence of an absorption at 


845 cm? attributable to rhodium-dioxygen coordination she 


Dioxygen tris-triphenylphosphinechloro rhodium 


[(0.) RhC 2(P (CHE) 3) e2Cu CLs] 


3 2 
Oxygen was bubbled through a solution, con- 


taining) 0¢5 ¢ Rh £(P (Cp He) ) 3 in 15 ml methylene chloride, 


) 
for two minutes. After slow evaporation for 2 days at 
7°C, yellow crystals of the complex (always accompanied 

by the dimer) were filtered off and washed with cyclo- 
hexane. The complex may also be produced by adding 0.25 g 


triphenylphosphine 00.251 g RhC £(P (C.H and repeating 


ae 
the above procedure. Handpicked crystals were used in 
all subsequent tests. 

Microanalytical tanalyses g(Caled.s .C, 39.7; 
H, 42.4; ) Found: €,), 59.3700, 4.4 9) were in neasonable 
agreement with the formulation although the chlorine 
analysis proved voifiicuit. ‘The compound melted -avge2— 
84°C and decomposed at 126-128°C. The infrared spectrum 
(nujol mull) (Fig. 4) showed an absorption at 880 cnt 
asSigned to the coordinated dioxygen. Similar studies 
on the products after heating to 200°C in vacuo indicated 
the presence of triphenylphosphine oxide in the solid 
residue. Oxygen was identified in the gaseous products 


by gas chromatography. Confixmation of the. solid state 


formulation is contained in Chapter IV. Attempts to 
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[(O2) RACH(P(CgHs) 3) |, 


ABSORBANCE 


1500 1200 900 600 


32 


identify the tris-phosphine dioxygen complex in solution 


by the appearance of isosbestic points in the UV spectra 


were unsuccessful. 


Trts-triphenylphosphineiodo rhodium (T) [RhI(P(C-H,) 3) 3] 
RhI, (obtained by treating RhCk , in a water/ 

ethanol solution with excess lithium iodide) was 

reacted with triphenylphosphine as described in the 

literature Microanalytical analyses (Caled: C, 63.8; 

yee ee eek OMG s ep oO oem, sabe “lop 5) were 

in excellent agreement with the formulation and no 


evicence of chicrine was found.” Melting point, 11G—1s-°Cc, 


iste Oe 2 Gs 


Dioxygen bis-triphenylphosphineiodo rhodium 
Ue teal batters 


When 3.0 g of Rhi (P (CH in 20 ml methylene 


52.3) 
chloride was reacted with molecular oxygen for 2 minutes 
and the solution evaporated at 7°C for two days, black 
Crvstals were cbtained an about 60% yield. Microanal— 
Wilco lect miyses (lea UCUt en cos Ue i 7 eo sO ely Ons 

Founu:.  C.; yoy H, 4.0; I, 16.2 ) were in good agreement 
with the formulation. Chlorine analysis failed to 
indicate the presence of methylene chloride although 


evidence of methylene chloride was found in the infrared 


spectrum (nujol mull), v = 740 cmt, Strong absorptions 
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at 857 ones with shoulders’ at 850 sa and 838 aan were 


assigned to coordinated dioxygen. Examination of fresh 
crystals under the microscope showed that a rapid break- 
down QE \the.crystals was occurring, possibly due’ to 
evolution of methylene chloride of crystallisation. 
This may explain’ the lack of chlorine in the. analysis. as 
this was performed after the infrared spectrum was 


obtained. @Thei melting point was? 1o6= les? C. 


deer? YO 
~saerd Biqsy 6 tat pewile 5 
nd sub yidibenog ope ys 
noeaee ts badaydo Ho ils 

an Bteytand oy at emizofis * 
Deir MeO ATS fexewin2 © | 
nyaL-anl asw widow | 


CHAPTER III 
ine Crystal and Molecular, Structures of 


[(O.) RhCe (P (C,H -CH 


5) 3) 2° CHAC% 51, 


Experimental 


Brown crystals of [(0,) Rnc*(P (C,H "CHSC2 


5)3)2 2} 
were obtained using the procedure outlined in Chapter II. 
These were examined under a microscope and found to be 
red-yellow pleochroic crystals, a large number of which 
were twinned. This twinning took the form of a diagonal 
missetting of the two crystal halves but was avoided by 
choosing one of a small number of crystals already cleaved 
Shp hele ecy Ween glen ole) el 

Examination of preliminary Weissenberg and 
precession photographs indicated that the compound crystal- 
lized in the triclinic crystal system. The space group was 
therefore limited to Pl or Pl, the latter being verified by 
the successful solution and refinement of the structure. 

Lattice parameters were found using the tech- 
nique of centering the reflection in the diffractometer 
counter windows by adjusting the X, w and 26 circles and 
checking at -28. Crude photographic lattice parameters were 


then subjected to a least squares refinement ae 


to give 
the best agreement between the calculated and observed 
26 values. Lattice parameters were: a, 13.889(7); b, 


° 
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Y, 100.97(4)°).° The density of the compound was measured 
by flotation in aqueous potassium iodide as 1.470 geem7? 
which is in excellent agreement with the calculated den- 
sity of 1.469 g-cm > 

The crystal was mounted on the end of a thin 
glass fibre so that the c* axis was coincident with the 
d axis of the diffractometer. Intensity data were collected 
on a Picker manual 4-circle diffractometer using the 
coupled w/28 scan method. Copper Ka X-radiation was em- 
ployed and the diffractometer settings were calculated 
with the programme MIXG2 Be Intense peaks were care- 
fully scanned to detect any twinning of the crystal and 
no evidence (such as splitting) was found. The diffracto- 
meter was equipped with a graphite crystal monochromator 
(002 reflecting plane) and a 2° take off angle was used. 
Each data point was scanned from 26 - 1° to 26 + 1° using a 
scan speed of 2° per minute. Background counts were 
estimated from a linear interpolation of 30 second 
stationary counts taken at the limits of the scan. 

Data were only measured to 90° in 26 as indicated 
by the preliminary photography.<. This vapid fall ofr in 
intensity was consistent with a relatively low degree of 
order in the crystals. A total of 2151 reflections were 
measured and of this number 1658 were found to be statis- 
tically reliable using, the criterion 1.2350 ..) During the 


data collection 7 reflections were recollected at intervals 
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of 8 hours and changes in intensity noted. It was found 
that the crystal did decompose and that the relationship 
between the decomposition and time was logarithmic with an 
additional dependance upon the sin 6/i value of the reflec- 
tion. After data collection was completed all peaks with 

a count rate greater than 104 counts-sec ~ (i.e., more than 
the linear counting rate of the counter) were recollected 
at lower voltages and scaled into the data by comparison 
with other peaks of lower intensity recollected under the 
same conditions. The Miller indices of the crystal faces 
were Ldentate@eed as: 100, 100, 010, 010; 001, 001, 321 “and 
the dimensions of the crystal measured to allow an absorption 
correction to be made. 


104 


RefElection data were corrected for morentz (L) 


and pOlarization (FP) effects 
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and the decomposition correction was applied. The absor- 
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where Ty = uncorrected intensity 


linear absorption coeff. (cm 7) 
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thickness (cm) 
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was made using the programme GONO9 ie Wiis Wee oe em 
The transmission factors varied from 0.809 to 0.633. 
Structure amplitudes ( ise) and their standard deviations 


(o feeesen) were then calculated with an uncertainty factor 


(p) of 0.03 from the equations: ae 


= /I/LP 


where iia (CI 0.5(t /t,) (By a B,) ] 
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CT - total integrated peak count obtained in a scan time 
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Solution of Structure and Refinement 

The atomic coordinates of the heavy atoms, i.e., 
rhodium, chlorine and phosphorus were found by calculating 
a Patterson map mag using the programme FORDAP eo 
Table 5 contains a listing of the prominent peaks in the 
Patterson map, together with their assignment and expected 
magnitude. Approximate coordinates consistent with the 
space group Pl were obtained for these atoms. 

From the results of the Patterson map it was 
apparent that the rhodium atoms were located approximately 
3.5 A apart, the molecule thus being dimeric. The other 
six atoms found were not situated in bridging positions 
so the molecule appeared to be bridged by either dioxygen 
or methylene chloride. The rhodium, chlorine and phos- 
phorus atoms were included in the first refinement using 


109 LEO 


SFLS5 ., r~he-conventional R. factor (R,) and. RR. (the 


2 
weighted R factor) were 0.288 and 0.342 respectively, 


where 
2-1/2 
Se aR Thy Pern acc ee oe / 
Flee x sw/F_|? 
fe) fe) 
2 
and we= 176. =(F) 


The remaining atoms in the unit cell were located as out- 
lined in Table 6. 
The carbon rings of the phenyl groups were con- 


strained to Dey symmetry, with carbon-carbon bond lengths 
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° 
fixed at 1.392 A, and refined as rigid bodies to minimize 
the number of parameters. The atomic scattering factors 


for the rhodium, chlorine, phosphorus and carbon atoms 


111 and included 


112 
’ 


were derived from Cromer's coefficients 
the real and imaginary terms for anomalous dispersion 
for the rhodium, chlorine and phosphorus atoms. Hydrogen 
atoms were included at their calculated positions (carbon- 
hydrogen bond lengths, 1.0 A) with isotropic temperature 
factors 10% larger than those of the carbon atoms to which 
they were attached. The hydrogen scattering factors were 
those of Mason and Robertson aa 

Initially (Ry = 0.146) (Table 7), the nature of 
the methylene chloride electron density peaks indicated 
a disordered molecule, however methylene chloride was 
included as a single site model and further examination 
deferred until later in the refinement. The refinement 
(with Iw(|F.| - Eabe being minimized) converged to give 
a, conventional R factorvo£,0.055.for this model, (eycle.10) . 
At ethis! point «an electron, density ‘difference,map was cal- 
culated and residual electron density around the position 
of the methylene chloride noted. Several models were 
tried to describe this disordered molecule. On the basis 
of minimal residual in electron density maps one model 
was chosen for the remainder of the refinement. This 
model used a single site (single occupancy) for the carbon 


atom and one chlorine atom (C%4); the second chlorine atom 


osiminte oe ilies 
a2odbey | aaenoeiemail 
anats nodxed 6 
bebyloal bas vee eronHoHI2808 | bs 
MS posewegei® eesiunons tot ‘ah ih reumt Bae isox ont 
fpaperbyH .amiodn ensedasedd | este cmt kody ety 208 
-nodiad) anodere0q bedjaipo ino ciwdt de Bebutont oxeu' anne ie 
erusersqmed olagisoet aitkw (A Ose \athtonst baod asgoxbyd 7 

(lotviw od eanote eotitss st Yo-es082 nade Sepabl #0£ sz0toe2 
oxow si0de3 paived¢soe taotdbyd Su, -Betpndds atow yer é 
ELL oes eadost Bets: nosey Yo seortt ; : 

16. exetua ond yl ofdaT)) (able = rind apehwhrtat . ia 
Aateotbni alae volaneh woricela aiiaahi anelyds oe ods : 
asw sbitolto “srsfudunr serebed ,Sterstom perohteal® s . 
nodtanimee’ *eigt/ Sas Lohdm aiie eigela, @ as ‘bebpton 
insmonties oc? Foehignttny sos at etal figay hes1etsb 
evip od Bepuavico (betiatoba paied Sei ~ | jt) pws ekw) 
~{0L sioyo) fein ards wot 220.0 20 totne? 4 lsnoisaovaod # 
-[5o aw gen soamveltth gttens6 newoals na sniog eid? 3A 
aottiang oid Sriiets yiikeaab norteets Leubiest bas beseleo 
otow eivhom feeever ,b8d0n sbizolde saviydyem ed? 3o  * ” 
atasd od oO -siuoaton bexebaoalb eidy asdixzsesh of beint  . 
tohem Srto sqam ytieass mowdels ai Invbbeos Lamiaim Yo r * 
eiaT inomoniged pitt 20 tebAlsmex ott s0¥ mewodd aw a 
nodves ‘sid x08 (yensqunse) meme): pata ofpaie 6 beat fobow ca 


mots: Ske L tty ea ne ne mee lesen <— 


r a 


H \ : , oO 7 
) eee tt anes 


40 


being resolved into two sites with variable occupancy 
PeCrors = tG 17, 0.42 (4) 7 "CLS MOTG2 (4) )o The=single site 
model for the carbon (Cl) and chlorine (C24) atoms may 


be"physrcally incorrect but the” data do ™not permit 


resolution of the separate sites. The total model was 
then refined to convergence (shift/sigma, ~0.07) to give 
Ry: 0.044; Ror Vie Ua Re gs 


Since the observed structure was so novel it 
was considered necessary to be absolutely certain that 
the bridging units were dioxygen molecules. When the 
scattering factors for nitrogen were used for these atoms 
the atomic thermal parameters assumed physically impossible 
values and Ry increased to 0.051. Thus all evidence, both 
chemical (Chapter 2) and crystallographic (a Hamilton 
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test rejects the N, at better than the 0.005 confidence 


2 
level) confirms the assignment of oxygen for these atoms. 

A final electron density difference map was then 
calculated. The largest positive and negative peaks were 
0.4 and -0.4 e-A a respectively (c.f. carbon ~3 ann <— 
and were located in the vicinity of the disordered methy- 
lene chloride molecule. 

The atomic coordinates and their standard 
deviations of all atoms were then used to calculate inter- 
atomic bond lengths, angles and intra and intermolecular 
nonbonded contacts with their respective standard devi- 


ations, with the programme ORFFE II ae 
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As the equivalent isotropic temperature factor 
of the chlorine atom (Cl) was relatively large (4.17) 
a riding correction was applied to the rhodium-chlorine 
bond length. This compensates for the false shortening 
of this bond caused by the thermal motion description and 
its interpretation by the bond length programme. A similar 
correction was also applied to the rhodium-phosphorus 
bond lengths as a check. The thermal motion in these 
latter atoms was small so only slight changes were expected. 
This was indeedfound to be the case. All atoms in these 
corrections were assumed to ride on a "stationary" 


rhodium atom. 
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Table 7 


Refinement Sequence for Model 


Refinement 
Cycle Model Description = ay, 
5 All atoms included, OA 07136 
anomalous dispersion 
correction applied 
6 ae C209 O2LLG 
7 Central atoms assigned On O77 02090 
anisotropic thermal 
parameters 
8 ae 0.071 O03 
9 Hydrogen atoms included 0.061 C2073 
10 ous Beas Eee) 0.066 
il: Methylene chloride 0.049 0-060 
represented as 
disordered model 
ie . 0.046 02057 
Lo fees 0.044 0.055 
14 Oxygen atoms replaced 0.053 02071 


by nitrogen atoms 


ie = 0.051 Ur 0) eye 


art.o 
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Results 

Table 8 gives the observed (il ®ecl0 and calculated 
clea) structure amplitudes (electrons x 10). The atomic 
coordinates of all atoms are listed in Table 9 and the 
anisotropic temperature factors SUE, for the central 
atoms are given in Table 10. Interatomic distances 
(Tableall)i, interatomic angles, (Table 12)s, intramolecular 
and intermolecular non bonded-contacts (Tables 13 and 14 
respectively) are included with the standard deviations 


in parentheses. 


A view ee of the whole molecule is shown in 


Fig. 5s, The central coordination, geometry is represented 
in Fig. 6 and a view down the P1-02" axis is given in 
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Table 8 


Observed and Calculated Structure Amplitudes (electrons x 10) 


« K FOES FCAL tH K FCeES FCAL H ® FOBS FCAL # K FOBS FCAL ta K FCBS FCAL 
@sL = Ceeee 4 5 449 441 4 -7 #341 355 1 -1 424 461 2 a4 214 236 
i © 1400 1438 5 CE =hr/ 37¢ 5 -7 493 492 2 <-1 418 405 3 4 576 561 
2 © 288 278 -8 6 412 405 6 -7 514 539 3 -1 590 610 4 a4 22 265 
3 © 986 916 -7 6 708 683 t i=7 S333) 338 @ -1 266 265 Ss 4 297 308 
4 o 749 755 -6 6» 136¢ 345 9 =-7 169 140 § }-1) 492 517 6 4 490 479 
Ss © 1232 1166 -5 6 143 iss -6 -6 253 260 6 <-1 578 605 =9 S 208 iss 
6 Orare7 687 -3 6 715 722 -5 -6 519 550 8 -1 428 4acé6 -6 Ss ss4 S47 
? © 267 245 -2 6 794 820 -4 =-6 448 468 9 -1 366 399 =n ep pied 703 
-10° i 390 395 -1 6 1159 1155 -3 -6 147 128 -7 0 469 489 -6 S 215 166 
-9 1 3c6 326 ° 6uuSsss 323 -2 -6 293 320 -6 Omacs 720 -Ss 5 366 382 
-8 iee292 200 2 6 264 269 -l -6 153 204 -5 © 700 678 -4 5 612 569 
-6 19370 378 =| 6 417 420 0 -6 916 923 -4 0 433 458 = S 972 966 
-5 1 594 629 4 6 694 688 1 -6 1308 1320 -3 Oo 725 668 -2 Ss 7c5 592 
-4 1 659 835 5 6 568 509 2 -6 6818 826 -2 Oo 361 275 -1 S 380 340 
=3 1 461 473 -9 7 289 260 455-6 5285 273 -1 © 1666 1707 ° Ss 150 119 
-2 17342 324 -8 Tae3 1 See) 269 S -6 242 270 ° © 1463 1476 2 > 7145, 705 
-1 1 161 79 -7 7 #798 791 6 -6 391 448 1 o 508 524 3} S 710 Til 
° 11573 1568 -6 7 658 636 7 -6 399 416 2 © 667 629 4 2 Chay 416 
1 1 $10 492 -5 7 650 638 8 -6 320 291 4 0) 57:77, 741 6 5 235 204 
2 IT 22 735 -3 7 $506 480 -5 -5 536 536 5 0 946 974 -8 6 696 7es5 
3 196357, Bhs) -2 T7178 T.4: B69 -4 -5 595 611 6 Oo 606 796 ik 6 730 768 
4 Ie i72 17¢ -1 7 656 719 -3 5 498 aes 8 © 157 170 -5 6 265 242 
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7 1 410 402 2 7 #138 132 0 -5 445 429 -10 1 224 199 =| 6 352 363 
8 1 117 134 4 Taas90 374 1 =5 1247 1257 -9 Toesis 306 -2 6 580 570 
-10 2 266 285 5 Tees28 32a 2 9-5 1276 (1257 -8 i 316 285 mead 6 721 703 
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-2 2 467 $29 -1 8 81335 aly -6 -4 603 644 -1 1 725 727 -7 OS 702 
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3 299579 611 -7 9 234 241 1 -4 6828 619 5 1 S68 S69 -1 7 483 471 
a 2 7165 148 -6 9 360 343 3 -4 243 221 6 YTS} 793 fo) 7 265 262 
6 2 141 159 -5 9 266 250 4 -4 450 431 7, 1 249 208 1 7) 1S8 205 
7 2ee'62 207 -4 9 365 335 5 -4 395 397 -10 2aeces 275 3 7 497 507 
-10 3 218 220 -2 9 224 252 6 -4 196 165 -8 2 502 $35 4 Taos 551 
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-8 3 410 373 ° 9 160 155 6; y= 4 63:12 306 -6 2 9341 335 -8 8 418 381 
-7 3 489 453 2 9 136 120 9 ==4 N73 195 -5 2 640 637 -7 8 825 765 
-6 Seles 165 =7% 10 224 213 -9 -3 206 232 -4 2uos3 558 -6 8 443 415 
4 ep ih 83 -6 10 331 323 “7 =3 .173 148 -3 277s 715 = 8 234 240 
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Table 8 (continued) 


Lal K FOBS FCAL 
om 2ese8 
=-1 -6 436 432 
© -8 224 244 
py Sy Webs} 393 
2 =6 3326 331 
3 =8 $26 $53 
& --@ 265 267 
(9 ote rd 195 
6 -8 410 396 
= Si o= 7 266 277 
-4 =-7 433 442 
== eos: 198 
-2 -7 §39 549 
-2 =-7 496 saa 
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—3) —4 _ 599 628 
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Atomic Coordinates and Isotropic Temperature Factors for 


C&1 


CL2 


CxX3 


CLr4 


the Unique Contents of the Unit Gell. 


X 

0 709.542:(7) 

0 FUHAG3) 
0 30670.(3) 

0.2648 (3) 
=O 02 9. 66) 
-0.0884 (6) 
OLA G2) 

0 2273, G2) 

02805)(3) 


OSES ts) 


x 
SU hao (7) 


OS0039) (2) 
=O. e2.) 
= C92 Tel 2) 
-0'.1164(5) 
—-0.0928(5) 

Oo259 (2) 

Oreo 7 AL.) 

ORIG, CL) 


OSZ59G (5) 


Z 
0.06606 (9) 
O43167 (3) 
0.0442 (3) 
0.0728 (3) 

—Wiesol (7) 
=0'..0666 (7) 
0.492(2) 
0.484 (2) 
Dio0.G (5) 


O.m10'50) (8) 


* These values are equivalent isotropic temperature 


factors corresponding to the anisotropic thermal 


parameters shown in Table 10 
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(a) Phenyl Carbon Rigid Bodies 


Name 


en ent 


Eliz 


Glin3 


C114 


x 
Ue ie ee a) 
0.0663 (9) 
Obs (1) 
0.237 (1) 
303359) 
Jee cL) 
4.210 (4) 
S202619) 
Bee 19) 
0.0960 (7) 
02072716) 
DROSS Gk) 
0.1498(7) 
OT EISL(G) 
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-0.4099 (7) 
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Table 9 (continued) 


Name x 4 Zz B 
Gian s0nserat) =O 14555) -0.1792 (9) 5.9 (3) 
C136 = -0.1498(8) ~0.4018(7) ~0.1405(8) 4.4 (3) 
D 0.680(4) x -0.1966 (4) 

E 0.445 (6) yt -0.3559 (4) 

F 0.198 (6) zt -~0.0638(5) 

C211 peewee npn 0.1712 (9) set) 
C212 0.4363(8) Gulgzeun) 0.1425 (9) 4.4 (3) 
C213 Gestaeiay 0.2797(7) 0.2237(9) erlien 
C214 0.5051(6) 0.3459 (5) 0.3337(9) Bereiech 
C215 0.4219 (8) 0.3053(7) 0.3625(9) oe) 
C216 0.3459 (6) 0.1985 (7) 0.2812 (9) 305.3) 
D 0.598(5) x? 0.4291 (4) 

E 0.871(6) yt 0.2391(4) 

F 433216) z+ Weve 

C221 0.241(1) -0.0358(5) -0.1031(9) ee 
C222 0.1490(9) =n 15406) ~0.194(1) 4.4 (3) 
C223 0.1290(8) -0.0268(6) Bi eae 5.8 (3) 
C224 0.201(1) -0.0584(5) So a7ee) aes 
C225 0.2940(9) -0.0788 (6) -0.281(1) po) 
C226 0.3140(8) Ba 0675 (6) Soe i4qtl) 4.5 (3) 
D See) x? Ue enisd 2 

E 1.800(7) y? -0.0471(4) 

» 3.215(8) zt E{iye ecepucen 
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Table 9 (continued) 


Name x 4 Z 
C231 0.3710(7) =O. 072417) 0.1519(7) 
C232 Desees (7) Tals ey tae 0.0755(8) 
C233 0.4474 (8) ~Onelost an 0.143(1) 
C234 0.5289(7) =O le io 7) 0.2865 (7) 
C235 fesar4ai7) =O, 060116) 0.3629(8) 
C236 0.4524(8) -0.0168(5) 0.296(1) 
D 2.879 (5) xt 0.4499 (4) 
E 2.434 (5) vee =p re (4) 
F Bee Tas) zt 0.2192 (6) 


+ These values represent the coordinates of the ring 
center lol Gravicy. 
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Table 9 continued 


(b) 
Name 
HilZ 
HS 


H114 


Phenyl Hydrogen 


x 
Oo 19 
02070 
0.274 
0.388 
O29 
4.210 
S.020 


Geoi4 


ORS 


0.053 
Oe.69 
07209 
Uea6e 
Boh ee 
1.647 
As936 
=) 000 
en et EO, 
—),506 
Ue oC 


=O. 216 


—O2 242 
Uri 
=O. ae 
=O 206 


=O 2410 


=—Oslo4 
= dis. 
-0.448 
cot Pe | 


=O 54 35 


Rigid Bodies 


eo Uiaeaecal 
=Q5365 
=O 343 
—e 30 
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0.068 
=o 
=O. 202 


=O7 96 
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Table 10 


oO 
Anisotropic Temperature Factors (a2 x 10°) 


Rh S3e4(/) S1.0(G)s 31.007) “15591 5) w2l676(5) «Vanni Se) 


Bl 46 (2) S52) B Se) 20 (2) 1:9) 2) L Bi fe2,) 
Ba 33 (2) 41 (2) S542) AZ) 1.6) G2 ) 16 (2) 
Cele 73 C2.) 52 (2) 34 (2) 22) 25: (2 ) 172) 
Ol S2.(5) 45 (5) 23) 22 (4) 16 (4) 11 (4) 
O02 32 (5) 345) 351, 5) 19 (4) 16 (4) 19 (4) 


Cee L804 20), 2120 (20) TOLLO) 50 (20) wOGZ0) 100410) 
Gea LOO CLO) 120 (20 jay eb 20 (20) 46 (8) Or GLO!) 37 (8) 
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Table 11 


Interatomic Distances 


Atom 1 Atom 2 Diatancerm 

Rh Pd 22314 (3) 2316(3)* 
Rh P2 Zee ea) 2220 PGs y* 
Rh enya 22990 (3) 2 24023) * 
Rh Ol 383 (7) 

Rh 02 229847) 

Rh' Ol 2271840) 

Rh O2: 2.069 (7) 

Pl Grit 1.81547) 

Pl Crt L829 Cs) 

Pay Clsi O29 07) 

P2 C21) 2863 (7) 

P2 G22. V2 821,(8) 

P2 C231 eco ly) 

Ol O02 1.44 (1) 

Cl Giz 1.7043) 

a Ces eons) 

CL Cra dL. /043) 


* Distance corrected for riding 
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TablezizZ 


Selected Intramolecular Angles 


Atom 1 Acom 2 Atom 3 Angle (°) 
Pl Rh P2 LOO Ss) 
Pl Rh Guy S05 641) 
Pl Rh Ol By7.St2) 
Pl Rh O2 92,52) 
PL Rh G2? 169°.4 (2) 
P2 Rh Co O57 (1) 
PQ Rh Ol 106.213) 
P2 Rh 02 LAS Ge. (2) 
P2 | Rh O2* Oo wee) 
Cr. Rh Ol 158 4.0(3) 
COL Rh O02 PES. 4(2) 
Cok Rh Oz," 03.4(2) 
Ol Rh 02 S99 (3) 
Ol Rh OZ" Shee Ad GE 
02 Rh O2' 7 Oe) 
Rh Pl Ge VME A pal Eee BS 
Rh Pl (og eat ES Oi oo 
Rh Pl Creal 107.443) 
Rh PZ C2) AU es Sg Ge 
Rh PZ CZau Vi HO ae i Ge 
Rh P2 C23 1205603) 
CyzZ cL C23 ee ee 
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Table 12 (continued) 


Atom 1 Atom 2 Atom 3 Angle (A°) 
Cre ah CHA aS Bue iail8) 
Cys oil CRA LOO (2) 
Ol 02 Rh' 103.4 (5) 
Ol 02 Rh 6l.7 (4) 


Rh 02 Rh' 10s 03) 
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Table 13 


Selected Intramolecular Non-Bonded Contacts 


Acom. Atom 2 Distance (A) 
Rh Eli D2 340 (2) 
Rh H222 2aiio 
O02 O28 2216 3) 615) 
Bis? H222° 2240 
H216 O2:' 202 
HE22 Ol 2625 
H222 Ol 2ea8 
HY32 O2 2.88 
H216 CLL Papeete 
H215 Cys 2294. 

Ol On 3.49 (1) 


OL 02s 25H ONL) 


(i)2a.s 
ons 
$a.s 
zo.8 
G£,5 
Ae.8 
a2. 

2S 
inyes.e 
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Table 14 
Selected Intermolecular Contacts 
Atom 1 Atom 2 Symmetry Operation Distance (A) 
(on atom 2) 
Hii H236 xt1, y, ztl 2.23 
H223 H223 avy. Zod 2.46 


HitS H336 K+1, Fy, 241 2543 


£>.& | 
. i+ a¥ eek. 
tee oe eSsH 
ent ' i ee be 
cee Yo ie | BEER vent. 


on 
+ 


i 


eee ny 
Sek ane 


On 


Page 


)RHCL (P(C-H.) 3) 5] 4 


(0. 


[ 


A General View of, 


64 


Fig. (6 


Dioxygen Bridging Geometry 
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Discussion 

the ’structure “(Pig?r 5) was “found” “to "contain 
dimeric units, situated at inversion centers in the unit 
cell. The méthylene “chloride molecule is ‘situated “at 
least 5.6 A from the central coordination sphere and thus 
is in no way coordinated to the rhodium atoms. The over- 
all geometry of each subunit can be described as a dis- 
torted trigonal bipyramid assuming that the coordinated 
dioxygen molecule is considered to occupy a single co- 
ordination site. The rhodium atoms obey the effective 


atomic number rule and are coordinatively saturated. 

Five coordinate dioxygen species are not par- 
ticularly unusual (Table 3), however the manner in which 
this compound achieves this geometry is most unexpected 
and quite novel. The three equatorial positions of the 
trigonal bipyranidal subuni tvare? eccupiedi by, al triphenyl- 
phosphine, a chlorine atom and the coordinated dioxygen 
molecule in keeping with the similar iridium dioxygen 
complexes aetna (also containing equatorially coordinated 
dvoxygen)).“ “Thetaxial’ ‘coordination sites! areroccupied: by 
another triphenylphosphine and an oxygen atom from the 
dioxygen molecule coordinated to the rhodium related by 
the inversion center. Thus the coordinated dioxygen 
molecules act as bridging ligands between the rhodium 


atoms (Fig. 6), with one oxygen atom of each molecule 


being coordinated in the usual manner for a t-bonded di- 
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atomic ligand, whereas the other atom although posessing 
a similar geometric arrangement is also able, via a third 
bond to bridge the two rhodium atoms. 


The previously known tT-bonded dioxygen derivatives 


of Vaska's compound and its analogues he contain similar 
geometry *butynot the* bridging’ bond," whilst 05F, ae and 
97-100 


some of the dioxygen bridged cobalt complexes 
contain fairly similar peroxo symmetry to the bridge 
without the t-geometry. 
In the purely m-bonded dioxygen species 
dioxygen molecules are situated so that the metal-oxygen 
distances are equivalent (although some of these com- 


15,29 
plexes 


are disordered and thus any differences in 
these distances would have been impossible to detect). 
This is not the case in this complex as the two rhodium- 
oxygen bond lengths within the same subunit, (Rh-Ol, 
O90 73 C71) > (Rb—-O2 7 a2 F195 C7) A) are Significantly different. 
The shorter bond is between the rhodium atom and the 
oxygen not participating in bridging. The rhodium- 
oxygen distances to the symmetry related subunit are: 
Rh owe 2 TSE rh!-02, 2.069(7) A). These values 
indicate that the dioxygen molecules are not perpen- 
dicular to the rhodium-rhodium vector as for example had 
iis 


been postulated originally by Vannerberg and Brosset 


for the structure of [(NH Co0..Co (NH ] (NO The 
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fe} 
rhodium-rhodium distance is 3.340(2) A and thus is too 
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117,118 _ Discussion of the 


long for a metal-metal bond 
rhodium-phosphorus and rhodium-chlorine bond lengths, 
which appear normal, is deferred until Chapter VI. 

Using the conventional molecular orbital scheme 


46 


for dioxygen in the coordinated state , the dioxygen 


molecule may be considered as having the initial con- 


* * 
SLGUra CLOM Ti 25 . instead of the usual paramagnetic ground 


* * 
state with two unpaired electrons (tT Le Lys The bonding 


within the fragment RhO102 could then be described 
(according *covrGritreth 645 as involving a donation Lrom 
the ligand to the metal from a fully occupied t-orbital 
accompanied by back donation from the metal to the empty 
dioxygen ie orbital. This model has been widely used to 
explain a large variation in dioxygen bond lengths. The 
greater the amount of back donation, the longer the 
expected oxygen-oxygen bond length would be, assuming 
erther: )*(2)¥"a fairly “constant Wigand=metal donation, 

or (2) the normal synergic interaction oo Thus the 


miiiges with variations in the oxygen- 


iridium complexes 
oxygen bond lengths of from 1.30(3) A to -1;.66(3) A could 
be viewed as containing a superoxide ion (05) in the 

first case and a peroxide ion (057) in the second. These 
increases in bond length would be expected from a simple 


bond-order calculation. 


The Yeteneion Of Griffith's model seems desir— 
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able fan this complex and the bridging nature of the 
dioxygen ligand may be explained by observing that the 
filled m* orbital (of the dioxygen ligand) not taking 
part in overlap with the first rhodium atom would be 
perpendicular to the RhO102 plane and thus in a position 
favourable for the formation of a o-bond to the neighbouring 
rhodium. The observed angles of 103.4(5)° for 0102Rh! 
and y103 40,¢3))2 (RhO2Rh’) seem reasonable when the electron 
density plots for the molecular orbitals of dioxygen oe 
are considered. This particular model could accommodate 
a wide range of 0102Rh! angle sieasist iiss possible cftomethe 
filled t-orbitals of the dioxygen to also donate electrons 
to the second rhodium atom and the observed angle could 
be considered as a compromise between the two possible 
bonding extremes. 

It is interesting that a bts-chloro bridged 
species (structure 1) does not form even though it might 


appear equally feasible. 
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The preference for the dioxygen bridge suggests that there 
is a particularly suitable energy relationship between 
the occupied 1* orbital of the dioxygen molecule and the 
az? Orbital of the rhodium atom (the "z" axis being 
defined as the pseudothreefold rotation axis of the 
trigonal bipyramidal subunit). This is supported by the 
chemical behaviour of the complex as it is inert to 
either strong acid or base. 

The bonding description does not allow a 
detailed discussion of the oxygen-oxygen bond lengtn as 
7™* donation to the neighbouring rhodium would decrease 
the oxygen-oxygen bond length whereas mt as a donor would 
have an opposing effect. In addition the back donation 
from the metal to the empty 7* orbital could vary. Com- 


parisons with the similar complex [(O.) Rnc’ (P(C. He) ) 


3 3! 

should prove meaningful and these are made in Chapter IV. 
An alternate method of describing the structure 

of [(O.,) Rnce (P(C_H.) ) 


3 315 would be to consider the rhodium 
as RhA(III) and the dioxygen molecule as a chelating 
peroxide ion, the bridges being formed from one of the 
lone pairs of one oxygen atom of each peroxide ion. This 
could then be viewed as partially analogous to the bent 
dioxygen cobalt species 62 containing only a 1* donor 
bond as discussed in Chapter [f. 

The steric requirements of triphenylphosphine 


have been discussed by Tolman ie The wide Tolman angle 
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CHM AS REG? Bforhkea single lldgand tsuqgestsuthatiyauct ¢ “paix 

of triphenylphosphines (P]1-Rh-P2, 100.2(1)°) would have to 
be interlocked. The hydrogen-hydrogen non-bonded contacts 
(Tables 13 and 14) are all longer than the sum of their 
van der Waals radii eae A number of other close intra- 
molecular contacts were observed (CR1-H216, 2.56; O1-H122, 
222 335 OLA 2 eno Riley eo A) with the closest 


intramolecular chlorine-hydrogen contact (C21-H224(x,y,z2+1)) 


° 
being 2.84 A. The chlorine-hydrogen contacts are similar 


2d 
Sr Owe i 


All contacts are not believed to represent any attraction, 


to those found in the structtire of RhCk (CS) (P (CH ) 


but rater to retlect the difficulty of accomodating two 
bulky ligands in a mutually cis arrangement. 


The geometry of the methylene chloride molecule 


is in acceptable agreement with literature values 122,123 


despite the deficiencies in the model. The molecule does 
not appear to be coordinated in any way to the rhodium 
complex. 

The dimeric species reported here cannot 
represent the major species present in solution as 
indicated by its insolubility. When oxygen is passed 


through solutions of RhC% (P (Ce H the formation of the 


Boas 
dioxygen dimer from the (O.) RhC* (P(C.H 


5) 3)9 monomer would 


be expected to be a slow reaction in view of the highly 


specific geometry required. 


A nitroso complex [Fe (CO) , (N 0) (Ce H,) ], Se (2) 
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published at the same time as the dioxygen dimer He has 


cerca nesimi Larities: uinistructuze. 


0(4) (CpH,) 


The nitroso group is located with the nitrogen atom 
bonded in an analogous manner to the dioxygen dimer 02 
atom. The geometry of the nitrosyl group is interesting 
as the iron-oxygen distances of 1.91(1) A ALT G rs she We) A 
plus the two angles (Fe-N-Fe , 103.1(3)° and Fe-N-O(4), 
104.6(5)°) closely resemble the equivalent values in the 
dioxygen complex. The geometries are thus extremely 
Similar except for the expected differences in inter- 
atomic bond lengths and the equality of the two iron- 
nitrogen distances (Fe-N, 2.02(1); RE oN. 1. SS) air 

No detailed bonding explanations were given. Other 
possibly similar dioxygen species are Rh (P (Ce H_) 3) 30, po 
which is diamagnetic, explosive and probably dimeric and 


[ (0) M(text-BuNC) 5] 78 


7 My= Ni, Pad. The Latter polymeric 
species was postulated from highly unreliable data. 


Further comparisons of the bts-phosphine 
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dioxygen dimer with other similar complexes are included 
in ChapterwV and similanitiesr tor the: parent’ complex 


RACL (P (CH ),), are examined in Chapter VI. 


og ihe 


CHAPTER IV 
The Crystal and Molecular Structures of 


car Aka pl oy 


[(O,) Rhck(P(C.H.) 3) 3 . ” 


Experimental 

Crystals of (O,) RhCL(P (CH) 2) 3 were prepared 
according to the method described in Chapter II. They 
were examined under a microscope and found to be yellow 
needles, usually arranged in clusters. After considerable 
searching a single crystal was found and cut to the 
desired length of approximately 0.2 mm. This crystal 
was then mounted on the end of a thin glass fibre so 
that the needle axis was coincident with the rotation 
axis of the goniometer head. 

Examination of preliminary Weissenberg and 
precession photographs indicated that the crystal 
possessed orthorhombic symmetry. The systematic ab- 
sences (heOF "on Fe Oe ee = 20 SE, ek — en tS 1) 
were consistent with the unique choice of the space group 
viz Pbca. The crystal was mounted on a Picker manual 
diffractometer so that the "b" axis (needle axis) was 
coincident with the diffractometer ¢ axis. Precise 
lattice parameters and their estimated standard deviations 
were determined as a, 24.817(4); b, 18.359(2); c, 23.200(4) 
A from the setting angles of twelve accurately centered 


high angle reflections at 22°C. All peaks showed good 
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resolution of the Ka Kas "doublet wand only the a,v’peaks 


| Ee 2 il 
° 

(A, 1.54051 A) were used. The density of the complex 

was determined by the flotation method in aqueous 


3 ' : F 
which is in ex- 


potassium iodide as oner 1.411 g-cm~ 
cellent agreement with the calculated density of 1.416 g- 
cm > assuming eight formula units per unit cell. There 
are consequently “no restrictions “onthe * position -or 
Orientation of the formula unit in this space group 
Since the number of general positions is eight. 

A careful examination of peak profiles showed 
no obvious physical defects in the study crystal. In- 
tensity data were collected with copper Ka X-radiation 


using the coupled w/26 method with a 2° takeoff angle. 


The diffractometer was equipped with a graphite crystal 


monochromator (002 reflecting plane). Each data point 
was scanned from (26 - 1)° to (26 + 1)° with a scan speed 
of 2° per minute. Background counts were estimated from 


a linear interpolation of 30 second stationary counts 
taken at the limits of the scan. During the data col- 
lection, the intensities of six reflections were monitored 
at periodic intervals to allow for correction of crystal 
decomposition and to detect crystal misalignment. Data 
were only measured to 80° in 26 as indicated by the 
preliminary photography. Data collection was terminated 
after 1755 reflections for this first crystal when the 


standard reflections had decreased in intensity by 10 - 203%. 
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The Exetel faces were identified as the forms {100}, 
010} and {001}, and the perpendicular distances between 
the opposite members of each form were measured as 

0.010, 0.028 and 0.018 cm respectively. The variation 

in intensity of the 0k0 reflections with the setting angle 
@ was measured to provide experimental evidence for the 
correctness of subsequent absorption corrections. A 
second crystal of the same habit and with dimensions 
(OZUODB X05 009 30.0324 cm) ,Awas useds to collect! the 
remaining 1970 reflections. The variation of To.0 with 

¢ was studied for this second crystal. All intense ref- 
lections with count rates in excess of 104 Counts: per 
second were remeasured under conditions such that the 
scattered X-rays did not exceed the linear response range 
of thescintillation counter. 

Finally, representative reflections from the 
first crystal were remeasured with the second crystal to 
improve the merging of the two data sets. Both crystals 
appeared to have similar rates of decomposition (directly 
proportional to sin @/A and logarithmically related to 
time) and only decomposed when exposed to X-rays. Of the 
total 3745 reflections measured, 2073 were found to be 
Statasticaldy relaableousing the “eriterion ex Gri, 
Decomposition and absorption corrections were then 
applied (uy = 62.1 cm” +) with the transmission factors 


Varying from 0557 co-0sG6s7- in’ thefirst® crystalv and from 
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0.356 to 0.544 in the second. The data were then cor- 
rected for Lorentz and polarization effects and the 
derived structure amplitudes and their standard deviations 
calculated (p = 0.03) after the two data sets had been 


scaled. 


Solution of Structure and Refinement 
A Patterson map was calculated and the atomic 
coordinates of the rhodium atom found from the Harker 


line peaks see 


(Table 15). As the "y" and “"z" coordinates 
were approximately 0.25, a large number of peaks were 
Superimposed. Although some evidence of the chlorine 

was found, only the rhodium atom was included in the first 
cycle of refinement (Ry, 0.547). The positions of the 
chlorine atom C%l and the three phosphorus atoms were 
located from an electron density map calculated at this 
point. The rest of the molecule was found as outlined 

in Table 16. 


The carbon rings were constrained to D sym- 


6h 
metry, with carbon-carbon bond lengths of 1.392 A, to 
Minimize the number of parameters. The temperature 
factors of all atoms were not refined until Ry = 0.178 
(Table 17) as unrealistic values were obtained before all 
atoms were included. The values used (Rh, Ck, P; 2.5; 


C, 5.0) were similar to the final equivalent isotropic 


temperature factors obtained for the dimeric species 
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(Chapter III). The atomic scattering factors for rhodium, 
chlorine, phosphorus and carbon atoms were those of the 
neutral atoms and included the real and imaginary terms 
for anomalous dispersion for the rhodium, chlorine and 
phosphorus atoms. These scattering factors were obtained 
from Cromer's coefficients ae Hydrogen atoms were 
included at their calculated positions with carbon- 
hydrogen bond lengths of 1.0 A and isotropic thermal 
parameters set 10% larger than those of the carbon atoms 
to which they were attached. The hydrogen scattering 
factors were those of Mason and Robertson 

Refinement was considered complete when the 
maximum parameter shift was one seventh of the corres- 
ponding standard deviation. The standard deviation of 
an observation of unit weight was 1.79 at convergence, 
which is reasonable in view of the constraints imposed 
upon the model. A final electron density difference map 
was calculated and the largest positive and negative 

3 


Oo _. oS 
peaks (0.38 and.-0..36 e€.A “;"ect Barbon ~3e.A 3) were 


located near the methylene chloride molecules. 
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Table 17 


Structure Refinement Sequence 


Refinement Model R R 
7 2 
cycte 
6 All atoms included, Oe s On2oe 


isotropic temperature 


factors held constant 


7 Temperature factors yet hI 0.134 
refined 

8 Anomalous dispersion 0092 0.109 
correction 

9 Central atoms given OLUe Ss O07 


anisotropic thermal 

parameters 
10 Hydrogen atoms included 0.060 UIs 
iit 565 ee, a3 02053 0.064 


LZ ae o a 0.049 02059 


s¥o.0 = 090.0 
630.0 £20.0 
220,06 £60.0 
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Results 


Table 18 gives the observed Ces) and cal- 
culated OL Bet) structure amplitudes (electrons x 10). 
The final atomic coordinates of all atoms are included 
in Table 19 with the anisotropic thermal parameters 
is) of the central atoms listed in Table 20. Other 
tables give the interatomic distances (Table 21), inter- 
atomic angles (Table 22) and inter- and intramolecular 
non-bonded contacts (Tables 23 and 24 respectively) with 
the standard devuations (as calculated by ORFFE*11) of 
the least significant digit included in parentheses. 
Bond lengths from the rhodium atom to the ligand atoms 
were also calculated to include a correction for thermal 
motion in which the second or lighter atom was assumed to 
ride on the heavier rhodium. 

Fig. 8 shows a general view of the molecule 
with views down the P1-P3 and Rh-P2 directions (Figs. 9 


and 10 respectively) being included. 
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Table 18 


Observed and Calculated Structure 


@anewn = 


PEN VOV@®SNABZOC 


x 


eeL =z 


~a244 
SCSCSCSCHHLOGOGOOMMDMDMDMMBMydyIItIIAAAAAAAAANWNNNUNYUN SSE RK SSS BWWWWWW WN NNDNNNN Sete tee tOQDOOCOIOS 


POBS FCAL 
Qeese 
3692 4087 
879 1020 
1673 1816 
2728 2880 
8100 4236 
1796 1830 
1994 2098 
9998 S476 
524 505 
344a 3680 
9115 4327 
3349 3468 
1176 «61289 
613 662 
1769 1706 
749 481 
7737) «©8371 
3122 3278 
395 373 
14710-9145 
3199 3316 
1232 1040 
308% 3003 
483 474 
2843 3131 
5738 59864 
1106 «61164 
1076 967 
2403 2490 
401 364 
523 515 
Sif 22 
3892 3774 
1053 1¢07 
3797 39017 
2554 2646 
513 495 
aus 420 
2945 2933 
654 726 
2208 2283 
22397) 2329 
653 691 
1891 1967 
14657 1550 
1228 1280 
671 Ga 
5150 S03'1 
603 605 
1268 1326 
1678 1607 
1529) A502 
377 269 
3765 3€57 
2343 2399 
535 727 
2530) 2599) 
4262 4266 
1673 1646 
1851 1899 
2574 2548 
1354 1391 
1305 1196 
1282 1302 
1336 1401 
1550 1520 
700 678 
1187 1201 
550 492 
2175 2222 
1566 1549 
1572 1614 
2949 2905 
355 199 
720 741 
624 606 
d29 Té2 
751 710 
413 225 
667 872 
859 8072 
532 363 
574 611 
581 704 
VW2US 1192 
€69 Ue 
674 €43 
623 551 
1242 «1197 
526 294 
1259 1481 
625 648 
Veél Vete 
WHT 1352 
616 675 
1109 «1077 
860 784 
1258 1328 


=t a8 ot od 
@OOWUfFWORBAWVEWN 


ey 


OODMEHROENOTHAYUVEWN 


SDD 6D DPIHYYWIHIYVVYAYAMAAAHAAHRAAGAHNMAMNMGHKNNNNNS FELL ESS EFF LL FSS EWWWWWWWWWWWWWWWWNNNNNNNNNDNN DN — a ot ot ot tt tw 


15 


eel = 


(electrons x 10) 


K POSS PCAL 
615 595 
Jeece 
171 295 
557 595 
307 252 
576 530 
1347) 14612 
31€4 3278 
310 297 
1175S) 1147 
302 399 
343 321 
489 606 
W183) ARTE 
1476 61595 
179 66 
2128 164 
1229 9155 
325 342 
986 1007 
808 786 
2797 2965 
1991 2147 
317 278 
747 721 
812 683 
466 592 
677 718 
831 749 
1134 «1143 
1173 1126 
2481 2470 
614 584 
1474 1566 
456 463 
513 656 
1387 > 1357 
a23 605 
396 4ug 
366 269 
387 355 
525 597 
§e@5 639 
796 638 
1988 2C72 
1287 1355 
726 691 
462 575 
561 £54 
1829 1577 
614 652 
1095 1146 
1101 1077 
341 260 
304 323 
540 675 
1042 1025 
617 716 
484 499 
247 137 
1641 #1717 
1161 1206 
345 344 
3€4 Sia 
620 654 
1295)" 1255 
592 €17 
313 379 
507 533 
373 316 
963 100C 
€49 613 
327 934 
1761 71763 
1cs8 1678 
710 6385 
301 197 
1983 1918 
S73 59C 
165) W26 
1W27) =«—1054 
$94 45) 
891 930 
1726 1063 
$99 619 
770 705 
426 285 
818 815 
124) 11HR 
1217 W270 
ots 646 
R29 792 
2092 2 eat 
SET 2092 
971 964 
Qt 8938 
BO) 769 
a> 439 
Vet} «1689 


yy 


--+ 
DBNMNRKONEFEHDEODUNENNODWYHSEUne Oo 


ates. 


_ 
NOWHOO 


OMINIKDEWNHO 


in 


@neveurtin 


K FORS 
o 459 
8 2776 
3 750 
9 338 
9 2018) 
Ss 691 
9 1598 
9 785 
99271 
9 2234 
9 $24 
9 1594 
9 S74 
15 «#1678 
10 344 
1D 1482 
10 611 
19 610 
10) = 6:99 
10 356 
TDS TOT 
5 Hove Ti tate) 
19 26€9 
a Tees 
11 802 
Tits 37.65) 
11 «792 
41) 1046 
el bless 
Vz 4338 
27 S36 
12, 724 
12 6061 
12) A767, 
‘2563 
T2 TEA? 
13. «9:00 
ie a lal 
13 786 
18 1922 
14 7E&S 


FCAL 
502 
2734 
6845 
yas 
2938 
554 
1590 
805 
13A1 
2299 
548 
1860 
978 
1856 
3217 
1432 
6c0 
Deh) 
720 
310 
720 
A rd 
2562 
1396 
832 
641 
914 
1140 
1190 
1460 
$32 
679 
508 
1698 
386 
1037 
631 
1427 
761 
2074 
78 
385 
1007 
1Cé6 
se 
§92C 
B16 
2200 
359 
372 
7018 
4661 
2745 
2569 
3972 
$03 
3443 
1337 
577 
1299 
1062 
106 
4480 
958 
Tuy 
1127 
1376 
1427 
1854 
1965 
49059 
2234 
646 
1292 
1135 
$698 
140 
1630 
1171 
695 
oc3 
2476 
743 
au7 
76 
26:99 
Ae Ks est 
«732 
525 
1175 
761 
255 
4699 
565 
Were 
1130 
$15 
8ce 
1599 


10 


= 
DBRPMIODENAONMNOTEWNDFRK 


PODODODOHDODDODODDOBGAMOODIIYV HIGH YVNINIYIYANDANHAANAHTFHAHARTSHAHNNKNVKHMNNNNWKNNDNN SESE SESS ROSE SF SRR EWWWNwn 


WwW 
Vw 
eel s 


. 
Amplitudes 
Foss PCcaL fh K FUObS 
1897 «194 ] 1 182 
637 738 2 1 1569 
Bia = 825 3 1 7896 
1739 1890 4 1 1628 
949 1069 5S 1 (263 
3398 3358 6 1 1300 
823 403 7 4 537 
1991 1980 10) toes 
639 618 117 -1:«:1042 
411 481 9 2 1263 
1382 «1374 Uo 2A 
1724 «1783 2 2252 
925 934 3 2 1053 
2211 2305 a 2 4657 
1073 1105 5 2 2334 
1679 1694 6 271877 
2035 2000 7 2 886 
629 645 6 8 21855 
Gul i) 10 2aeso7. 
812 836 4-2) 403 
677 667 T2)ee2 ged 
2247 2302 13 2 1076 
585 548 15) 2) 10/52 
959 916 18 2 588 
280 9319 20 2 794 
579 $61 1 3: 78> 
1051 1046 2 3 6G 
1092 1097 3 3 1994 
31€ = 309 8 3 1716 
2384 2335 7 3 730 
1075 1064 8 3 1430 
89G 516 10 43 1688 
1174 «©1180 14 a 769 
669 63€ 15 3 400 
PE) yey 20 3° «531 
1245 207 0 a 296 
Zo Tome To 1 4 519 
362 350 2 4 970 
815 619 3 4 1030 
3536 3580 4 4 1807 
334 323 5 4 1590 
1345 1481 6 # 430 
785 695 7 & 909 
6823, 797 10 4 733 
486 86437 11 @ 608 
138 1358 12 4 1359 
823 765 15 4 491 
$91 552 17 4 838 
1197) (1196 1 5 533 
625 571 2 5 1145 
3768 3754 3 5 916 
2766 2768 a 5 292 
880 966 6 5 1004 
ay IG) EY aeivlo) 
2545 2490 100 oo 632 
877 517 vi 5 1237 
709 693 12, 5 W613 
464 168 © <6 2529 
1603 1502 1 6 1458 
573 446 2 6 1068 
1113-1062 3. 6 1285 
422 437 5S 6 Bie 
1743 ©1703 6 6 S74 
Fue 717 7 76 266 
1369 4504 10 6 1132 
567 528 32 6 1548 
579 611 13 & J622 
533 491 17 6 «786 
968 964 2 7 1889 
1436 1433 a 1621 
1268 1108 tee Te, 
TAS. “Oar 5 7 278 
1369 1314 Whe ah Pipi! 
6650 607 8 dad 
1715 1740 9 7 1063 
415 25 10 =? 2002 
695 17ce 1% 7 “S62 
1187 «(1211 Nau aes 
AQA 64a Vw 7 1107 
t4? 752 16 7 554 
wre 1047 © A 3272 
630 73k 1 By A200 
627. usa a (8) COT 
(se ASAI 3) 68) 682 
596 £52 8 8 152 
325. —-1e¢ 5 a) 20 
Rud at fa 8} 6 aA 1CR1 
You Pus 8 b 2440 
403 uuu 6 1163 
€10 Se WwW A agg 
1974 1705 12 ¥ 2380 
Tuy 701 130 @ 1447 
1326 0 1345 1a 8 OS 
785618 15 8 606 
§73 $69 2S 22k: 
vos $492 J 9 Tou 
‘imei Aen) a 9 110 
642 $69 Ss 9, 728 
jecce 2» 9 2057 


FCAL 
229 
1512 
745 
1587 
lau 
1314 
$66 
€05 
a8. 
1238 
1546 
289 
1053 
6627 
2507 
1405 
658 
1394 


358 
351 
1247 
967 
1072 
707 
$06 
725 
281 
1953 
1662 
738 
1416 
1650 
-798 
413 
585 
262 
505 
1002 
1023 
1530 
1579 
450 
872 
746 
570 
1269 
561 
793 
539 
7125 
929 
286 
S73) 
1500 
590 
1250 
e605 
2610 
1425 
991 
1319 
829 
520 
719 
1115 
1512 
€69 
729 
VEST 
$43 
369 
328 
369 
478 
1035 
1946 
659 
406 
4202 
S94 
3287 
1196 
1001 
37¢ 
1426 
374 
W413 
2477 
1142 
497 
e207 
1360 
ees 
€o7 
31°09 
€3¢ 
Viet 
7948 
2Clo 


84 


7 : 


CES Oe a averweBi Ss +. 4 ve eS - vee ewdesaeee bev snes eS 


—_ ing es ’ : Pedbshgcectbadsnaichivael: itti0r: +E Se 8 ge pe 
, i aati seat - beype sid deziossx: shashzeghs se 2ieasieseessisesiescatiee sai Pssieeties 


; 
oe Seevegtista? agtsxe3s schiccrisecsdesé esieztsedrecszaestand 
FF aan | 


i a ———~y ee es aSS.u4 twscees ese Feu ~~ eeow Pt ere se eee Tt | 


= wee mnie ete eer eee PEt OS OS © KAO HE Hes OOO PANT ee ow Aw ae 
; - - 


4 pe dade 2 se li Set Se Sab eesetes £2 th ec sssF secs: 


$3338: 


| ee a ee cee ey a makelSESt ac senan Boss ore «atthe patans oan beanie 


2 


ponies 2 Seae a Rat 90 Ee tae re nieute nun See ete es mares SSPSSISI ASRS SSUSS SS 


ie 


De eee st) eer te? ae diewteereel ees ee Ss owen a eh ty Oa SSDS Se 1 reat a FESS i eawees 


ae ee we erie tds neg oY PH one owe eee ee fee Ce Seas te ey ee i en ee ee ee eo ee 2 2 oe eS ee 
Esdudsbselbict sesh esis canbe tieesere i iatevgersiceli ch Tinvetin neces iad sistiiciicvzisi 
Seda beens bebSEt ei avis weistbiots eesisaaiSvsicas bebe ine irvetisetremeidige ne eile 


Table 1&8 continued 


4. 
eel = 


a 


PY 


eeL = 


K FOBS FCAL 
jecee 
he ues 788 
9 1798 1929 
Ce IG 618 
STISGs 0 1371 
a San 625 
10 2926 28862 
10. 493 $15 
10 +671 714 
10 «913 965 
10 «4586 502 
10 1350 41364 
10 «831 618 
10 1386 1400 
10 «546 4e6 
NOS2Z tt 2150 
10 898 6869 
11 440 545 
11°1239 = «41327 
11 503 516 
11:°9716 «1914 
17 «500 981 
ie TER ses 
11°9269 1328 
100 958 908 
Vie Sue 988 
12. 906 927 
12 868 772 
12 1037 1049 
12 «660 S97 
2a 622 677 
12° S75 672 
12 «706 690 
12,1765 1838 
13 1085 1051 
13 630 708 
13° 878 934 
13 805 760 
we PASE, EE 23 
19 2202 2205 
74°1541 1491 
14 1019 1090 
18 «#770 768 
19 «$81 €13 
14 1001 1020 
15 1669 1746 
Quese 
0 2897 2757 
0 1072 1045 
0 988 961 
0 2796 2575 
Op Sot 576 
0 2346 2447 
0 521 = A 
OE2Z7 9" 2555, 
0 584 507 
o 681 678 
OR2571) 2582 
0 3483 3557 
0 1117 1096 
OU1Z035 1389 
0. 572 $73 
0 1094 1075 
Q 866 928 
0 1743 1788 
0 1173 1282 
ii B90 e87 
Te 383 410 
As 738 706 
13134 3047 
Te 23% 1748 
1.1627 1635 
Ust235, 1290 
153326 3679 
11464 1462 
12146 2168 
te 308 275 
1, 263. ag 
Tie 7 a8 €13 
121467 2304 
1, 438 467 
1°176C 41679 
1 $41 1026 
T1798, TE62 
2539255 3899 
2e29525 2958 
ep) 620 
2 68¢c 672 
2egtiee etcG 
2 $96 €29 
2 1823 1600 
2 678 675 
Zalzeie T6523 
2:°1323 «#1305 
2e%255q V2 
2 1189 1127 
2 2087 2626 
2 50e “96 
22 ous 602 


COOL ODOSOGOONMTF DPS SPSOMDMOOTMO VS SPGDVHIIysItttI4t4IIAAAAANAAAADNAAADAADAAHKHNVNNNUNNHMNNYNE SE SEF ESSEC SEES EWWWWbwWWe YU UWUUnNnDnn 


roes 
1641 
1098 
1132 
1125 
1926 
764 
516 
396 
727 
946 
1298 
631 
985 
741 
521 
$58 
seu 
2393 
1888 
751 
1911 
860 
391 
682 
627 
1335 
1000 
2128 
557 
318 
796 
983 
1007 
516 
601 
2713 
769 
1619 
319: 
1790 
44s 
390 
1094 
855 
933 
8077 
1358 
1725 
739 
264 
875 
1979 
297 
816 
1079 
1071 
19e5 
505 
954 
527 
€13 
SS 
382 
1871 
2608 
23 
1256 
2901 
1438 
Sueé 
10¢c8 
649 
1490 
2871 
514 
1241 
382 
625 
624 
433 
1162 
asg 
805 
$63 
1662 
esa 
773 
7a? 
602 
oay 
1309 
429 
$08 
3€6 
V3R9 
34s 
ous 
Sos 
S@4 


rcaLl 
1086 
1263 
1106 
1065 
1667 
720 
wAY 
327 
773 
10C2 
1241 
691 
1026 
681 
605 
931 
629 
2290 
1498 
676 
1914 
890 
354 
711 
489 
4314 
971 
2138 
608 
169 
797 
1087 
1027 
44g 
599 
2743 
767 
1787 
373 
1746 
Guy 
394 
1071 
943 
745 
4072 
1324 
1721 
wale: 
143 
883 
104C 
272 
636 
1129 
1067 
2104 
563 
990 
Si 
526 
1093 
353 
1855 
2578 
257 
1325 
2902 
1503 
425 
1023 
s74 
1475 
2629 
410 
1164 
469 
S€6 
676 
457 
1165 
4usg 
821 
sus 
Vubu 
627 
726 
71 
472 
966 
1344 
usc 
430 
Eh es 
yauo 
291 
$31 
66t 
w2e 


= 


4 

5 

6 

Te ot! 
2 hh al 
a 4 
594 
Ss 1 
wet 
102% 
un.) 35 
137 4 
1 
1 
1 
1 


= we 


SNDN BRM OUOWFHAHDENN HOHE Ww ow 
~ 


WDIYDW EWN os 


1¢ 


10 


£5 Sa aaon 
O@BPAReONNOCOYNOWS 


K FORS FCAL 
g » 535 294 
9 10448 1030 
0 769 828 
@ 332 247 
o” 954 920 
0 339 350 
Oo» 852 615 
0 545 509 
fo Hee | 551 
0 646 705 
05597 552 
1 467 457 
1 627 663 
1 945 930 
1 602 581 
12 635 683 
1 574 §17 
1 546 968 
2 460 503 
28791 800 
2°11487 #1107 
2 648 a75 
345236) 1Sitd 
3 «655 584 
3 «598 395 
Q 4uTé 420 
4 SC& 32 

a 950 946 
u 792 632 
4 6€6 786 
= Ssese 

a9 232 294 
472141 2052 
11445 1363 
1 €75 Q74 
1 1S53" 1539 
11050 1035 
1 709C 1070¢ 
1° 574 606 
T1179 T1Ss 
1) 390 363 
1 «ec 437 
41> SCt 657 
2 3016 2999 
2 Biz 750 
2 6243 6260 
2 3669 3080 
22136) 2UGF 
2 1997" 1995 
292109) S279 
2". 295 295 
2 Seu S74 
2 680 615 
2 856 915 
2 1369 1380 
2 820 565 
2 647 653 
31062" 1089 
3.1368 1341 
31994 1985 
3°1334 1292 
35 &2, 412 
251975 19/15. 
35 520) 5¢8 
3 14€8 1509 
5 S57, Sts 
3 809 759 
3 «67S2 759 
DST, 411 
3 6C5 620 
3 478 389 
4 1668 1641 
4 2268 2238 
a 3746 38Cc 
4 380 343 
a 299° 332 
& 334 298 
£129 1028 
a S72 596 
& $§54 53€ 
4 910 273 
a 1222 13€4 
a 325 757 
& 72 690 
5 1114 1037 
S652 tese 
S CEE 656 
5 956 855 
55 Sa) 441 
Sy Siz 4Be 
SG 6e5 
§ 585 seo 
5) GSE 5358 
6 2239 226° 
6 VW? W193 
Svat Vat 
6 #99 4uS 
6 ee? ye7s 
& 203 939 


i: K 
12 6 
WwW 6 
17 6 
18 6 

1 7 

a] 7 

3 7 

a 7 

5 a 

6 7 

9 7 
10 z/ 
ay 7 
12 7 
Ww 7 

0 e 

1 8 

2 8 

3 8 

4 8 

5 8 

6 8 

7 8 

& 8 

2) 6 
10 8 
1 8 
12 8 
ue! e 

1 9 
4 9 
3 9 

4 9 

5 9 

6 9 

8 9 

9 9 
10 9 
11 9 
4 S 
15 9 

e 10 

1 10 

Ze 

3:7 10 

4 16 

Sy 10 

é 10 
8 10 

9° 10 
V1 10 
129-10 

2 UF 
a8) 33 
4 41 
Ge 3% 
Fae At 
Se i 
9 1 
uke a io 
ee a2 

1 12 
ge 12 
6 tz 
Weis 73 
10 12 
VW 12 
2's 
@ 143 
6 13 
S135 
Q°) 618 

TT 44 
2 #4 
6 14 

ee] = 

c 0 

1 c 
2 ¢ 
3 Cc 
& 0 
5 c 

6 0 
a 0 
e ci 
) i¢ 
10 Q 
1 0 
3 I 0 
U3 e 
la- 0 
16 i) 

1 1 

? i 

3 ’ 
s 1 

5 1 
7 s] 
8 1 


ross 
1157 
635 
508 
697 
365 
2489 
912 
836 
374 
356 
1197 
1521 
$85 
Jag 
740 
3595 
2042 
1478 
1732 
2305 
618 
1970 
1231 
1837 
367 
747 
6E7 
155€ 
818 
1196 
2971 
1438 
2608 
1059 
770 
1450 
844 
2326 
634 
1016 
660 
2056 
2193 
550 
654 
1131 
514 
1825 
1530 
819 
1020 
1510 
16°90 
4°} 
11€S 
557 
S65 
932 
9523 
1501 
1836 
1850 
671 
1039 
1006 
627 
932 
1623 
959 
1025 
8246 
17S4u 
867 
977 
1v6c 
eee 
239% 
2641 
1367 
287 
678 
213% 
3898 
1827 
3078 
5Ce 
eu7 
74 
Vag? 
ala 
617 
205 
3655 
5200 
12S¢ 
97¢ 
S61 
Vas) 
We12 


SCB@PP@MVSTAMDMOAM@MOT MYWII VIsGysVsVAHAFARAHDARAKRAAHANNVVUWNYVYUINNHHNDNNF EE SSSR LF LSC SCRE SP SEWwwWwWWwwWwwWwWwWwWnNNnnNnrPonnnynnnnynn + aa 


robs 
1676 
1742 
691 
2200 
1033 
1228 
uaz 
2087 
1107 
860 
545 
1453 
2686 
765 
$77 
1031 
1534 
698 
420 
1275 
1894 
1284 
1110 
346 
509 
1017 
1893 
1869 
14099 
610 
1837 
$66 
1927 
371 
ass 
437 
2192 
292 
257 
yout 
676 
1018 
1606 
1154 
1238 
$9u 
547 
931 
1338 
953 
2297 
1277 
705 
961 
392 
438 
299 
1575 
903 
412 
1932 
6sa 
761 
2031 
706 
2°26 
2020 
1234 
348 
1622 
1364 
2146 
132¢ 
4171 
831 
1556 
VW9ET 
$74 
ose 
1067 
763 
1593 
ye24 
717 
1395 
720 
1366 
910 
628 
WW77 
416 
2388 
1040 
a79 
1106 
753 
10C8 
682 
To? 


FCAL 
1651 
1811 
e608 
zics8 
1082 
1298 
390 
2105 
1066 
671 
498 
1389 
2562 
737 
634 
1018 
1560 
701 
297 
1229 
1843 
1226 
1094 
300 
613 
1016 
1535 
1904 
1490 
579 
19148 
639 
2005 
354 
390 
437 
2137 
302 
215 
1396 
695 
1000 
1564 
1152 
1390 
1096 
516 
$54 
1341 
947 
2198 
13146 
661 
937 
377 
401 
237 
1521 
898 
402 
1969 
628 
777 
1974 
773 
218 
2130 
1229 
247 
1636 
1348 
2103 
1269 
TIS? 
1040 
1545 
1865 
1034 
667 
1021 
707 
1857 
1709 
760 
1395 
704 
1398 
943 
605 
1220 
363 
2294 
1026 
412 
1143 
706 
900 
257 
768 


85 


~waweuerd= BLESSES owamerensice Saneeeeaaael 
os oe meee 5 pe. a eee ae : 

rs etesiet ts efits stabeta3 
St Embe b ep 


sii Etadcfesnelflictsidsssd:taetiee tafe 


odtbenaueds S055 6453650 0N0sa 2S eli een eet So Fos oe eean dor 


as erereeee -: oy SF OEE OO OSE See ee ei ow 2 TOES E OS ee HH O48 LESS 
— Par te - _ a 


CAPRA RSAC a 


eeadusglaseceizisvetzecei iedasgsbacaisceseteasbansz 


eae eee eee - aan alt tSen us twee eeeaee wetewe ae RiSs eee. ee er es 


7733 


Vaasa aie a eee con oe ae pel legate citar Lag ie oT. tt 
_ > J - _ > 


% _ - a J 4 ‘ ~~? i ea ~! bea — 2 
7 ™ : — 7 = = ~~ Sacitien 4 <— 
7 = ebEFcuaeaanBhcteceneyeneek thoes vase Fae Ce Ck gs Sy snewh ses Seb au anbewness wiweseseERT FEawcbaps 
7 EL aR Sa a ae RRR SY ar ROMS ea 
; — _ . ; 
—- i 
ae | | | 
a 7 meBSEE Se. enwee eSlGIS IE - wt eeS iS Shee wwes eves FEBS See ew rosea Sh Se Ses eer atebaans- pone eo BSTe. owen teeSiSss 


Sinn ann eneramernsunennynawowenon sateen ots ees pig a olin ter P48 Carte ue oh me SOS DSGte 2 eSn® 


Abbstiitisiste sacha! 2itesinds ah eobenzar lela tpt taReAM 


Table tS continued 


a x 

eeL = 
2 9 
3 9 
8 =) 
5 «) 
6 9 
8 9 
“) 9 
12 3 
18 9 
1s 9 
0 10 
alt) 
2 10 
a 10 
& 10 
5 10 
6 10 
6 10 
10 «+10 
tT 610 
13° «10 
3 11 
6 #11 
8 #11 
Cr] 
2 2 
ea 
6 12 
v2 
8 12 
a 13 
6 3 
if NE) 
Bae ts 
1 #14 
2 #14 
5 4 

seL = 
i 

2 

3 

& 

5 

c) 

7 

i) 
10 
1 
19 
16 
17 

t) 

i 

2 

s 

6 

7 

8 

S] 
10 
12 

1 

2 

3 

a 

6 

8 

9 


- “— == -~@2 ao ow 
CWBFWNeB@NYEDNHNOBYEWN HBOTEWO 


PPSOHPAVNVYVYUNYNYWNYUNEF FSS LSS SBS SSWWWW WWW WW NNYNRNNNDND eet tetera 


Foss FCAL 
6ese0 
612 607 
501 380 
740 729 
353 256 
7868 820 
4190 «#1161 
464 591 
$18 S541 
640 687 
$01 4u2 
514 549 
302 218 
347 380 
322 208 
696 645 
*18 376 
$29 469 
822 734 
644 524 
$98 $55 
$33 450 
825 386 
652 676 
793 764 
630 983 
$81 564 
665 635 
817 808 
777 542 
524 422 
653 700 
1152 1190 
B00 791 
961 975 
629 eta | 
879 932 
14120 1124 
Jeees 
954 1007 
225 301 
765 742 
1056 1085 
230 213 
348 418 
737 737 
1294 1293 
529 538 
642 604 
320 163 
@55 aes 
542 604 
1195 1217 
2it3 2153 
1086 1124 
1628 1692 
1791 1706 
373 437 
1209 1248 
1084 1006 
5496 626 
1064 1089 
502 sou 
1254 #1184 
540 584 
1621 1564 
323 236 
379 360 
685 €25 
887 893 
479 348 
eA 891 
664 Bia 
2133 2116 
239 238 
1285 1224 
251 208 
1012 «1005 
548 596 
1041 942 
300 232 
712 64C 
683 £58 
495 436 
367 343 
776 739 
461 $21 
324 250 
602 510 
662 654 
610 $ju 
611 796 
720) Seti 
622 $92 
2461 2267 
651 882 
$32 491 
930 1008 
1763 1696 


=a Se) 224 aaa a 
|] WNAUD0OGEWNHBOEFWOUMINDVEFWNHRWN HBO DYARAWEWNHBAOMNWNOODIRHRWVWN = SUN 


Ne OYVEWN MB DODHEN BODO SRIF WNH 


ODBNONWFWN AD 


eeL = 


K PORES PCAL 
6 478 421 
Soy 567 
6 583 553 
6 467 236 
6 621 661 
7 286 237 
7 1550 1528 
7 #9283 968 
7 Alt 761 
7 449 398 
v7 Vi73 Wie? 
7°1115 = «#1028 
7 4383 1310 
@ t329) 1378 
7 695 786 
2 63 628 
7 S96 601 
8 1665 1749 
8 1652 1679 
8 4973 387 
8 764 803 
8 1323 1241 
8 770 687 
8 2238 2182 
8 462 46g 
8 1805 1840 
8 761 82C 
8 1206 1113 
6 855 831 
Si uae 879 
S790 778 
9 2342 2410 
9 1353 1383 
9 1539 1524 
9 488 562 
EE yaa] 730 
9 458 457 
9 1455 1425 
9 1434 1438 
S29) 2h 
5 e514 895 
Ses: 671 
161202" 1329 
10 1310 1252 
10 541 538 
10 458 487 
10 1316 1334 
V6 7C5s 725 
10 1490 1341 
10) «6734 790 
19 2089 1964 
10 9755 839 
10 1072 1093 
11 «870 805 
11°1569 1659 
11 1030 901 
11°1169 «41256 
Tt) S32 S29 
VW We ouy 
VW 675 626 
VEAVOTS) “VWONS 
WZ2°1222 «11:87 
12: 1233 1146 
12° «454 290 
t2 9123: 1¢34 
12,1345 1445 
12:7 907 956 
12 101747 1002 
130 493 531 
to: Pst Ran 
130 475 333 
13: 1590 S37 
13 €66 Pix) 
14 1073 1105 
14 §29 456 
14 613 009 
Boeee 

© 3662 3701 
9 2000 2031 
0 1587 1550 
oO #884 613 
0 2355 2359 
0 2865 2802 
0 1374 1335 
0 1771 1776 
0 1824 1754 
0 15€8 1615 
0 1049 1101 
0 2700 2756 
0 1796 1665 
0 1554 1879 
0 1654 Vo78 
Vaz 136C 
462397) 2343 
4 29%3 azRuR 
1 1650 1597 
2341 2365 
VSR 3: 872 
ViiS22 1553 


S@W@ywysyywywtywHFVIHF ITA AAFOADAAHFAAARAHRAAWYVMYNNWMWNNANTYWVS SSS SSC SSESCHSS SSS SWW ww wWWWWWWW NNN NDNNNYNNNHHNNDAN oo ow oe ew et at tw ow 


POES 
1653 
1175 
795 
986 
$40 
1894 
1102 
645 
774 
633 
1344 
2167 
688 
2217 
342 
633 
1100 
asz2 
706 
519 
887 
1080 
1213 
ac) 
@57 
1142 
618 
2211 
1003 
1682 
278 
1370 
1717 
1033 
1549 
673 
1433 
501 
780 
684 
809 
2127 
1971 
1498 
265 
1028 
1013 
1627 
403 
1187 
1109 
829 
968 
707 
1072 
1187 
627 


1019 
yuu 


1416 
815 
1599 
1413 
1457 
607 
9319 
886 
2375 
960 
788 
2399 
TS? 
2181 
1792 
896 
915 
71 
767 
1802 
1302 
617 
$959 
539 
12490 
13475 
1894 
1045 
255 
1646 
1397 
W438 
9e9 
609 
1168 
eye 
9255 
737 
1256 
Sua 


FCAL 
1654 
1162 
829 
987 
515 
1798 
1038 
684 
672 
612 
1261 
2143 
650 
2236 
124 
570 
1130 
1447 
705 
800 
934 
1027 
1267 
375 
850 
1232 
$43 
2150 
998 
1692 
278 
41383 
1659 
1050 
1604 
666 
1373 
508 
770 
732 
807 
2112 
1869 
1511 
130 
1008 
982 
1540 
386 
1161 
1014 
807 
360 
763 
1109 
1089 
634 


1061 
W32 


1286 
770 
1483 
1330 
1442 
622 
1305 
1037 
2435 
1005 
Yer 
2343 
7681 
2031 
16818 
899 
839 
780 
752 
16847 
1297 
S62 
1010 
§73 
1251 
1395 
WW42 
1101 
v25 
1632 
W445 
10:53 
1042 
700 
1162 
$72 
1201 
1719 
49239 
387 


ODWIHRWN Sw 


MNIAWEFWNHN = DEWINWWN HM UNWIRANWN eM SEOMW EWN 


aa 


a Tey 
SDWYVEN BEN BEC DMANEWNAO 


) 


TAHVEUWUNIWE 


WUOUVKVUKYC SAPD TVPOMMBOmMoax 


FARA BDSTALYYYNWYYRAE BSE P SECC FERS EWWWwWwbWwWWW WNANYNNNNNNN 2 Bow ete tweets 


FOBS CAL 
325 266 
739. 776 

1215 1241 

1498) «#1471 

1621 $25 
626 €49 
636 677 
Si4 $21 
568 B54 

12466 1255 
613 609 
616 639 
296 131 

1031 1390 
756 773 
702 734 
692 714 
536 532 
764 687 
925 eI] 
433 427 
526 387 
540 678 
452 571 
WN 761 
655 566 
713 631 

1263 12749 
836 909 
679 651 
481 $63 
615 465 
505 599 
868 928 

1082 1140 
517 553 

Qzeee 
326 339 

1085 1069 
770 788 

1702 1622 

1198 1223 
643 598 
964 388 
449g 44d 
551 489 
$55 497 
316 212 
$41 607 
594 651 
732 811 

1510 1567 

1113 «©1037 
639 703 
489 486 
624 631 
852 839 
asc 426 

3Z2US) Vee 
511 583 
272 2385 
286 174 

1300 61525 
939 934 
790 662 
5é@6 518 
907 933 
996 999 
571 506 
wes 545 
518 597 

1029 1085 
77 759 
933 €59 
393 363 
415 275 
49") 364 
437 4u2 
689 685 

1207 Vi4u 
a5j Guk 
39) 368 
elu riche) 
Yoo 868 
266 325 
S39 927 

1089 1046 
867 e392 
422 379 
903 924 
530 Slo 
617 562 
91C BEe 

1349 1199 
660 605 

1347 1309 
S¢2 457 
730 6746 

WW 1242 


= 
2 


“2 = 


WOLDRIYHVBWNHY 


-~ 
w 


~s 


~o 


- 
a 


- 
~ 


ODDRAIDINEWN HO 


~~ OPHAVY Swan? 


COO ODOOMOLC LS HOCPCMPMMOMOMOMMA@MYWVVYWIIVVHWIIWVIAKAR 


MN NNN RENN Ne ee tow eee new sr DODO OODOCCOSCODZOCO 


roBs 
£¢3 
681 
762 
640 
1356 
1796 
aou 
477 
e73 
595 
397 
786 
1832 
989 
766 
1285 
1206 
877 
738 
633 
7192 
1671 
eeu 
1082 
75 
646 
1109 
1517 
1133 
688 
S567 
817 
1006 
1524 
1207 
1879 
1168 
921 
€€5 
688 
1346 
889 
625 
1421 
575 
729 
789 
626 
625 
515 
692 
G27. 
1195 
seu 
1093 
866 
914 
18a 
108% 
1006 
1625 
686 
320 
1412 
719 
3423 
2938 
2671 
162 
ecu 
1852 
1363 
Teoy4 
E464 
2104 
3159 
ZV 
1a4us 
1431 
581 
1715 
2267 
1597 
1605 
The 
191 
1236 
Suu 
1394 
1291 
412 
€46 
1838 
$20 
W198 
1761 
Wa95 
34¢ 
ea? 


FCAL 
866 
695 
831 
593 

1910 

1769 
391 
S19 
901 
564 
311 
781 

1749 
908 
740 

1313 

11136 
902 
720 
725 
876 

1673 
4e3 

1536 
921 
760 

1102 

1450 

1161 
665 
742 
747 
$59 

1570 

1258 

1904 

W414 
878 
842 
698 

1318 
830 
58a 

1412 
481 
717 
W157 
682 
641 
586 
752 
671 

1090 
54s 

1175 
915 
844 

1162 

se 
988 

1644 
693 
318 

1303 
796 

355 

2945 

2634 

1533 
764 

1962 

1319 

1805 
as 

2C69 

3223 

2142 

1315 

1476 
641 

A703 

2252 

1575 

1681 
64s 
co) 

181 
$14 

1794 

1313 
“S2 
607 

W465 
e049 

10¢8 

1746 

VEV3 
173 
7923 


86 


- > ~_> 
a | ts ¢ 


Sees See ctw s eset weet ee teeter nk TADS ese 


: S2SSl225cS22h222$3525532722" Mo 7 ees 
_ - - -—= - - o“- -~ 

gisbstieaci: stints tei es, Sb aetatSnESTSRSIENESS 
aati - se =e *- 


iweenouss ft«~. so w88s eet hts. asnecsesees= 26d 
Ae THERE ESTEE CES HE SHS OLR Ree He 


ween eeSt Sl iow ewww se ewe te mitaniynerna Sttee “uaa FSU Saas iiueeenk bank’ whenehthiwee o eee ache ea 


F he as pear eR eb ee ehhh eed oat tee ON Se eS eo: 


a ee ees ee eee ee oe ragase Se vewe 2 <~ once to oe SE SST. aoe ee ot Pa ee 


+s 2 @ & = = ness nee & ate am 


aera ns ny week Rene Sanne. ~ Ps SSSSeETT ©. Li skese S Soe edo SOREL A he x me =e one cae at mea balan ae 


—— 


| a « ~ ip Cl en Ae ry 
a8“ 8923225 desesrtsesaiee 


= 
a 


- 
- 


“= 
VER w@eOVYRBWNYAVRBSO SP OW MWNWHYDBIAWSN 


-— ee a) 
WNOYVAUEHBODVWVSWH 


-~ 
SOW OAWEWH — 


-~ 
SeOMRINVFWH 


~ 
— 


K POBS PFCAL 
eeLs= l1O0eeee 
2810 776 
2 eat 634 
2 #701 709 
3 1636 1620 
SW GRAPE aks 
3 1839 1900 
Ba tae2  Vat2 
3.1731 «#1678 
Settst |) w05s 
3°1375 1380 
3 °1455) 1443 
a0 SA 610 
3. #715 744 
3 461 372 
3 1097 1020 
3 647 811 
3. 492 420 
@ 1656 1632 
4 1129 1166 
@ 267 254 
@ 1443 1537 
® 1056 1096 
# 1849 1805 
® 1586 1633 
@ 1178 1136 
4 706 656 
@ 750 698 
& 532 501 
S$ 1005 884 
§ 1525 1588 
§ 1290 1223 
5 1879 1997 
S 899 929 
Ss. 70S 664 
Ss 709 799 
§ 10495 1145 
Se G2 622 
5S 603 705 
5 855 820 
5) 652 611 
6 1773 1694 
6 1722 1780 
6. 25 911 
6 620 544 
6 1332 1333 
6 1928 1912 
6 3168 3150 
6 1973) 1956 
6 1716 1759 
6 1951) 1055 
& 634 604 
6 726 657 
6 7571 730 
6. 733 608 
a 6965 1050 
7 2449 «2361 
7 2264 2266 
7 1814 #1785 
7 345 276 
7 #419 463 
7 620 562 
fA26? 1228 
7 4555 1921 
7 1872 17C0 
7 3231 1233 
7 687 669 
6 2182 2101 
6 1098 1117 
6 429 521 
6 44B 406 
6 1306 12€9 
Sitoseieoe 
6 1750 1722 
6 958 984 
8 550 582 
8 490 343 
9 #493 510 
9 10860 1118 
9 615 566 
Seas 650 
9 760 842 
9 e48 669 
10 46420 963 
10 1058 1107 
10 1269 1396 
10) 475 606 
10 «4588 §29 
itmenoe aug 
ti is25 773 
11 656 555 
11 639 620 
12 «916 939 
12 «835 903 
12 «739 775 
T2259 038 vain 
12. «680 969 
eeLe« llec00 
a a we yer 


= 
OONIDSUne 


PYy 
oun 


WODYAWN ANDO OAUNE a 


a a wy 
WNW LFWOWORNMEWNH 


eS 


“= 
WMYWSFWHOWOWOYVWN eB SHOWS 


oe woo 
ao VCR we OWN eH DIYRFYWA HH OKPODOWNSWHDN 


OD©OHLVODTMBMPOAMMDOBMMA OWN I AY BHA NDDAANADUUNUNNUWNNUNUNHNHNE SEER SRR SE BSWWWWWWWWWWWNNVUNNNNN HK Between 


10 


12 
eel « 
y 
¢ 


Table 18 continued 


POBS PCAL 
709 674 
1105 «1049 
382 467 
ROIS a liala 
790 ¥30 
327 343 
1021 1064 
486 439 
7¢8 649 
545 561 
1165 1153 
14220-1326 
1924 1930 
578 610 
1232 «1180 
603 601 
ees 856 
274 247 
3&6 9€7 
44S 630 
1261 1293 
488 uu7 
“14 303 
432 468 
74s 762 
786 710 
€37 786 
722 609 
270 285 
1134) «1139 
398 429 
1164 1106 
741 733 
702 737 
455 461 
523 455 
514 416 
559 640 
W185) 1779 
341 337 
342 a7 5) 
431 433 
309 286 
362 374 
690 646 
573 549 
507 355 
uk} 736 
569 583 
662 679 
$13 532 
291 376 
346 370 
5&6 409 
836 651 
585 564 
925 505 
718 rE) 
FAS a eae 
410 446 
1087 1067 
1110 «41088 
1025 994 
648 623 
756 710 
572 509 
756 799 
1299 (1255 
9c9 879 
1051 1024 
696 Wa7 
1054 1138 
862 ale 
652 655 
690 670 
1193 T1893 
1400 1457 
12025 1227 
602 714 
558 529 
€03 794 
495 520¢ 
Sto 521 
834 861 
1076 Wert 
SCAR 609 
1427 W4t6 
879 935 
677 543 
447 562 
601 689 
$32 Sul 
56 395 
as) wu2 
secs jad 
687 669 
Vlecee 
loja 1H75 
226m Prat 


= 
NeODWIWHVEWNSE 


~ 
aw 


ae ie 
WODANAWNESEWNHODUE WHOKVDBIMNULWN 


—~— ae oa = 
NHKOGHYRDYV BWHMONEWOUWODYIHAWSWNHY 


- 
Naw 


re fe 


STYOAVEECN SUNS ODYFNDBUNHO 
MYYYV SV VSN I tC MTR OE REMAGAWNNUUNUNUNUDNUUE SRE ESE ES SEES EWWUWWWUWWWWWWUNNNNNNNNNNNRNNN SOs stata OODWDOOCOOCOOAN 


a 


PCAL 
256 
1258 
1976 
1826 
1397 
1893 
1717 
a97 
649 
1573 
1256 
13861 
1821 
1793 
934 
1159 
1148 
1027 
1176 
1568 
1652 
1996 
1090 
€20 
1525 
756 
1598 
787 
$27 
1020 
711 
1245 
1031 
1588 
1776 
667 
870 
561 
563 
seg 
1188 
1384 
1966 
897 
270 
364 
267 
965 
1494 
1296 
938 
622 
995 
2237 
€39 
1213 
1262 
848 
11861 
1516 
1252 
921 
396 
908 
$09 
732 
1452 
1745 
1450 
1659 
393 
837 
1261 
551 
568 
647 
1650 
1552 
ag7 
403 
1055 
1940 
1Su7 
1418 
685 
511 
VO72 
1303 
1076 
440 
Vé71 
1552 
1b15 
a7u 
$79 
748 
W245 
1360 
tes 


oe 


ODSEAN HOON FWNHHBVWVFAWV S&H Owe 


~ 
YUNWNABOMOUWUNHVS a 


ab od od 
=Nano 


me 


OMWWONIMNFWNHANOUWUMUEWN 


STEN ~ ee 
ON HK OCOUNWe mMDINEFNHM CUNT 


a i en i ome ee 


eeL« 


wwe O 


K POBS PFCAL 
nh ual 770 
7 €67 555 
8 1296 1206 
8 1194 10448 
8 752 906 
8 1359 1412 
8 1039 1028 
8 1181 1198 
6 891 656 
8 661 7°8 
9, 935 890 
9 694 Bou 
S815: 888 
9 603 523 
9 561 678 
10 «528 559 
10 «397 471 
10 #540 505 
10 822 e83 
11 «723 726 
11 «540 £07 
12 4at 314 
{jeene 
1 800 7156 
1 306 339 
4 577 5a7 
1 362 401 
1 #383 819 
helt 613 
i s51 $02 
1 649 €53 
2 1372 1376 
vy vet he) 273 
2. 6A2 563 
2 615 509 
2 356 394 
2 °18672 1499 
z= )i] 526 
2, 583 430 
2, 526 a87 
3 961 1034 
3.1067 1063 
3 490 573 
3. 285 317 
a 6s9) 622 
3 644 608 
3) WAZ 676 
3 402 370 
Se BASS) $50 
Ro 307, 240 
4 709 724 
4 431 4a 
a 794 752 
4 894 900 
4 B84 431 
4 1.0)? 718 
5 305 356 
5) S35 431 
5 419 369 
5 573 415 
ye Sek) 468 
5 488 400 
6536 263 
6 57A $20 
6 554 518 
6553 516 
6 799 612 
6 863 £09 
6 1170 1200 
6 467 236 
7 620 $65 
tT SHAD 1263 
7 450 $15 
7 R84 808 
7) VS? 656 
7 #793 799 
7 493 452 
Pee | 705 
8 9086 e17 
& 425 46 
6 1138 1020 
AR wea 1459 
BOS O91 
8 953 1068 
S$ 758 876 
9° 737 694 
9 1S9s 70S 
9 942 956 
S°1299 1262 
190 616 &72 
10 #981 1c0s 
¥O0 1245 gE Yo Js | 
VW Sou $¢2 
11 «1014 wu 
luce ee 
QC 2307 2291 
¢ 1550 1Sh9 
0 4872 ac7 
CQ Bre &S6 


“= 
WYN EWN ABANBZDIYA YE 


“a 
-OWwwo 


= 


~~ 
MWYWNOWOKDOI EWN N eB DINAN E WH 


ey ~~ o 
~Wno 


-~ 
FODIYNNBAOOCWODNNEWNRM BUM WewOODYNeEWN 


- 


eel = 


SOrMMeHOCTOVIO WF UNeBZODYNUeEOeEN 
PRESSE RP EWYYUUWVUUDNNNDDN S| 


ORDOMDDODYINYVYISIYIIYNANAANNNUNUNUNHNHUNWSG KE SCE SEE BWW WWWWW WD NNNNNYDNN DDB ete ee wt st QOOTDCOOR 


FOBS FCAL 
2550 2438 
s8u 567 
2109 2C26 
1449 «1489 
675 Sa2 
1201 14191 
10$6 1068 
172€ 1707 
14676 1579 
347 287 
709 Tay 
1335 1372 
1693 1606 
1488 1487 
516 $29 
1345 1366 
2064 7015 
982 1028 
695 726 
809 8248 
se 8) 286 
1632 1571 
417 343 
1699 1686 
808 794 
764 616 
632 439 
983 1061 
545 §29 
1068 1107 
705 668 
490 5958 
491 as3 
1206 1259 
€49 €73 
4126 «1085 
e55 930 
645 726 
982 1017 
1160 1102 
1212 «+1193 
923 943 
910 855 
491 318 
1267 1160 
1323 «41307 
1727 1702 
BCE 649 
684 711 
527 480 
1215 1268 
$70 4V 
1008 $65 
642 622 
479 £04 
1476 1498 
806 780 
1273 1106 
1629 1580 
674 €11 
1320 14053 
1443 «©1508 
770 739 
505 536 
442 acs 
852 789 
917 800 
609 623 
889 787 
952 945 
1168 #1113 
S25 9911 
496 £19 
681 685 
578 508 
543 500 
1S89808 
669 535 
381 483 
719 670 
930 923 
420 299 
“121% T1382 
733 698 
46 €S2 
568 $se@ 
1011 1070 
768 756 
497 439 
657 71 
€65 730 
770 766 
747 718 
905 £92 
ae2 360 
858 aa 
5S1 $80 
“99 5u5 
036 619 


87 


a ee ee Fen wee ee et Cuvee toes wet ves 


ae srsetasenswnesarngenasewnsetesnvnscarrcerrertes ssdacabanpest32RS2sea00Gsaee 


7 + a se> 
sESSeeeei rie jcbesete: ane NaN RESEER AD 


away ot SES wwe we eS DiS an seesie wars Seri eeee es ee eee ee Pet Pe ae 


s cicidehealiaaaaaeaaeee 


~e om 


eWecws TASTER as cer sels 5~ awew enn So seen es Vere SS eer eS ee 


-- SR a ad cp i a A aS <—* << eos apheresis tage ee ore 
a , P “4 4 = , “+ . 


aiken seas et au sues. annee nnqed te uunahea wees SRA tweety ASE So ue tee Sweets eee —_ 


eee ageensaste seed SRST IE (ea em = amie ew neem os po snm meas atnenawehaceehese as eherneE 
~» 7 ~— - - 
Sas Pte teangs ~ 22 RSel Tigges syssieresttiseerts Sesh s se Sees ee Sois few 


gewcel 3s wwee te SiS en ww cqesas He ewet eet Gowwes Sb uw nano Se own oe Seow geese iouwen ete : ee eS 


AE AE SNES CT. PELL eeeusee eS a ae seticoanstrat Mate 


- 4 * = 


eeunneew = a See ee 


Table 18 continued 


BH K POBS FCAL &  K FOBS PCAL AR K POBS FPCAL BH K FOBS FCAL H  K POBS FCAL 
eeL = 158898 1 0 1830 1399 7 3) 897 4897, 1 2 835 895 h 0 $01 492 
2 e665 eo3 3. ©O 803 853 9 3 965 911 5) 2 800 613 5 0 600 610 
3 5S 680 (‘539 5 0 1407 1286 10 3 742 £682 6 2 491 578 6 0 7238) 720 
0 6 1160 1154 7 0 1709 #1768 2 = % 880) 1a7A 1 3 639 822 7 0 1235 1348 
1 6 492 490 10 0 984 1110 a9 9552 9 508 2s eS 362 1 Te S70) 1033 
a) 67 834 B45 Une) SCR ARIPEY hh is 5 4 969 9939 3 3 769 698 3 101174 «21184 
5 6 758 £830 1 1.979 929 6 4& 585 616 yeh Era AOS 4 1 830 «693 
7 6 731 661 2 1 617 668 7 & $93 709 0 8 627) 632 5 1 530 496 
9 6 869 808 3 41:983) 1107 3 5 1169 1282 3 4 464 467 1 2 1162 1106 
1 7 #597 468 6 1 436 452 7 5 951 1016 4 4 449 466 3 2 836 405 
2 7° 698 642 7 T607 695 9 5 1232 1361 6 4 478 462 6 2 7S Ad 
3 7 1076 1041 9 1.1890 2010 1 6 924 890 1 Soa 647 7 2 1194 1259 
$7) 633.) 135 10 1 #4S7 459 561342) 1332 2 5 S865 (545 1 3 873 9300 
° @ 927 923 (0) 2.1104 1082 7 6 814 748 3 5S 827 385 3 SEA SUES 
1 8 514 517 1 2 891 851 1 T2587 6130) 0 6 972 1030 4 3146557432 
3 6 733 628 3 2 1025 1015 2 257) 396 282 3 6 418 444 6 3 Wed 526 
5.8) 1273 = 1270 Smee itt tits Sere i300 setae 5 6 634 531 1 4 1373 1391 
7 8 1298 1349 6 2513 560 5) 7) 693 4) 660 1 7 533 437 5 4 787 929 
1 S932) 8) 7 21426 1497 1 8 803 746 27 837) 58 1 Se SiS) 8s 
2d) SOS2e SUS 100m eu 766. 708 es, = 178808 seL = 188080 30) SA2it) 1256 
3 9 1681 1721 11 Aire Ghick’ 3 1 663 674 o o 811 688 seL = 198888 
4 9 850 495 1 S717) 815 6 1 S80 507 i 0 1638 1730 1 1 608 672 
esL = 168888 3 73493 533) Om 25700) 78 3 0 396 248 1 2 563 586 
© 0 1380 1539 5 3 467 414 


wi Ven 


ee ee ee 


= woe “<<«s SEE, SF i 


a Gonenvecoanvaazsstanytl > 
~~ Sgeeguctessssgetsesa*aie . 


| gate ete see reuse= se, 


eeoetune oe = 


Eagsitisstertetoninad'es = 


Table 19 


89 


Atomic Coordinates and Isotropic Temperature Factors 
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* These values are equivalent isotropic temperature factors 
corresponding to the anisotropic temperature factors shown 
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Oh OD Ti (5) 
O08 7507) 
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Table 19 


Name 


C236 


D 


continued 
x 
0.3304 (4) 
2 BGs G5 ) 
Darou) 
5. 654 (7) 
0.2902 (4) 
23452 (4) 
G2 3703 (4) 
0.3405 (4) 
0.2855 (4) 
GZ GOS (3) 
S361 G5) 
Bae TED ) 


De aG7 ) 


v¢ 
0.1979 (4) 


0.3077 (4) 
On3t68(5) 
0.3814 (6) 
0.4370 (4) 
0542795) 


Ga3632(6) 


Zz 
022730: (4) 
0'.3883.(2) 
021254 .(3) 
Opegz25 (2) 
O- ERZ0'( 3) 
O28 D4 (3) 
Ore G StS) 
ORs 9913) 
ORS C53) 
0.1466 (3) 
0.3258 (2) 
0.87123 (3) 


0.1560: (2) 


t Coordinatespot center of gravity of ring. 
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ae (3) 
4.9(4) 
6.1(4) 
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f£}0.€ 
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(b) 

Name 
1 Wee 
Hits 
H114 
H115 
H116 


D 


x 


=U 0359 
Oe Oe 


=O 0209 


07.53 
CaLEZ 
5.432 
0.374 
a8 
0.0437 
0.0248 
0.0247 
0.0436 
0. 06:25 
0.208 
UL AM Acie 
SPL 
0.0815 


0.0261 


= Ure 


=(7,,065:6 


el OL ANOS 50, 6) 


Phenyl Hydrogen Atoms 


yi 
OD2i02 


0.1460 
0.0644 
O.04AL 


OF. BZ 


O2UE LS 


=e US 


0.0419 
On. BOS9 


0.2422 


0335669 
0.4719 
0.4609 
0.3449 


Ga ZO09 


fs 
OF 29415 
0.3704 
0.4271 
0.4048 


0.43259 


Oe 2a 
0.1444 
01203105 
On 03933 


On 220 


062743 
On Zo 70 
0.2094 
0.1734 


0.1880 
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x 
25930 
2.644 
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DS ioc2 
0.0956 
Ue U2) 
Ve ULU0 
O7.0927 
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Opel Ad Bg 
O25 0 
0.3485 
0.3483 
Oneoco 
0.594 
2.500 
o.23 
0.2369 
0. 200/ 
0.2545 


eel 


0.4194 
0.4842 
0.4188 
0.2886 


OU2Z2399 


Ooo de 
0.4763 
0.4800 
OfSue2 


ON2I930 


0.1206 
US 0go0 
0. 0622 


O07 1736 


O35 57 
0.4000 
0.4409 
0.4374 


ON oo. 


0. 2607 
Ore OU 
O%S305 
0.4118 


05 40915 


O2S208 
0.4000 
SoU U2 


Uae 20 


(Table continued) 


95 


Table 19 continued 
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Oo Loe 4 
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0.1644 
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07.3236 
0.3284 
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2230 
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0.3247 
2 OL: 
Zac 10 
Oe 1 
0.3666 
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Oss D00 
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Ui Oo 
Oe bi 
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=—O0 202 


OZ 0136 
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0.1833 
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0.3150 
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Os IESIEE SS 
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Table 


ou 


Selected Interatomic Distance 


Atom 1 Atom 
Rh Cel 
Rh Pl 
Rh p2 
Rh P3 
Rh Ol 
Rh 02 
py Cit 
PY Gi2k 
PE CL3y 
P2 C214 
P2 C22u 
EZ EvoL 
ES cold 
PS C321 
PS C3ak 
Ol O02 
Cr eL2 
(eit Ey3 
C2 CLr4 
CZ CL5 


°o 
Distance (A) 


2501 (3) 
2.362 (4) 
2e307 (3) 
2.387 (4) 
2,081 (8) 
2.005(8) 
soe) 
i. OL (5) ) 
ieee 9397) 
P80) 
ie OS Or) 
12818 (7) 
1.840 (7) 
ie S29 (7) 
ie S427) 
12413(9) 
1,74(2) 

deo? (2) 

ine 5 (2) 


Ae O-C2) 


2.400 (38) 
2 205(4),.% 
2.307 ASS 


2,392(4)% 


be 


* A riding correction was performed on these bondlengths 


with atom 2 assumed to ride on atom l 


*(E) 100.6 
¥ (b) ae -& 


*(E) Vet.5 
*(b) LCE .8 


(a) T8E.S 
(6) £80.4 
(8) 200.8 
(vjese.. 
(Tera, 2 
(T) 808. s 
(t) ae0.£ 
(t) age. 
(T)RL8VL 
(TORE AL 
(Vv) ese.f 


Ww che.L 


(s) Tae 
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Table 22 


Selected Intramolecular Angles 


Atom 1 Atom 2 Atom 3 Pngle (7) 
Ol Rh 02 40.4(3) 
Ol Rh Pl 90.0(2) 
O1 | Rh P2 TO tee ce) 
Ol Rh P3 ce G3) 
api Rh CL1 5734 (2) 
O2 Rh PL Bie 2) 
O2 Rh PZ ea ee) 
O2 Rh P3 84.12) 
O02 Rh C21 lying eal 4) 
Pl Rh Be ee) 
Pl Rh P3 Toa e) 
Pl Rh Cr 85. 1(1) 
P2 Rh P3 TOR G1) 
P2 Rh Cel TOds oC) 
P3 Rh Cor G2e501) 
Rh Pl Crid L22 004) 
Rh Pl Glog. TOG. 6 (3) 
Rh Pl ooalge ya Tice (2) 
Rh P2 C2Ta a sea 
Rh P2 C221 nha boa ef Gc) 
Rh P2 C230: T24e2 (3) 
Rh P3 [each 109.4(4) 


(Table continued) 
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Table 22 continued 


Atom 1 Atom 2 Atom 3 Angle -(*) 
Rh Ps C321 LS C3) 
Rh P3 G3ed 120.4 (4) 
Ol 02 Rh 66.9 (4) 
02 Ol Rh F2et45) 
Rh Ol C2 POT (2) 
02 On C2 84 (1) 

Ol C2 CL4 abies Wi GEG) 
Ol C2 C25 ig A a 
02 C2 Cer4 Fey aly 
Oz G2 CLS lifes 2G) 
CQR2 eg Ck.3 Tg 
Ce4 C2 Ce5 109 (1) 
Pl Cy As: C114 bio aAd ) 
Pl Clan C124 177.0 (6) 
Pl CL C134 179.2 (6) 
p2 C2161 C214 176.0 (6) 
PZ ee vzak C224 L725) 
P2 C231 C234 7G. (0) 
P3 Coie Csla De 7) 
P3 esa2L C324 7 Ge2 (6) 
P3 Ca35u C334 TGS ss) 
C222 HzZ22 O02 LOW eo 
C223 H223 Cee 140.5 


CL 2230, 2s op ee 


“ee ee 
Ce iY 


(*) efpad mot 
eye. eat a 
(h)e.0SE €s 
(d) 2.39 se 
(2) v.88 to 0 
(1) ver £0 aa 
oe oe 
(L) R05 so fo 
ctoee ” $2 so 
(ry ees s9 so. 
(£) tf ip £39 
(£) 201 eae $9 ba 
(v)e.O0L SEED £119 
(ayo. SLD {Sip 
(a) S.80E fe i> 
(3) 0.ats £489 
(2). 00 fss9 
(8) a. att ceso 
(v)0.8TL tte 
(9)S.8TL £SE9 
(V)e.ave f€€9 
I 4.84 . SSSR 
. ins Ohe sea 
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Table 23 


Selected Intramolecular Non-Bonded Contacts 


Aton al Atom*2Z Distance (A) 
Rh H312 2.90 
cam H116 2.54 
Cul H232 2268 
CQ1 H312 2.477 
oll H126 2.84 
C27 H336 2.87 
02 H336 2.28 
02 H222 2.23 
02 H132 2.49 
02 C2 CU) 
Ol C2 32 O82) 


H3s2 H326 2.34 


10s 


Table 24 


Selected Intermolecular Contacts 


° 


Atom 1 Atom 4 Symmetry Operation Distance (A) 
(On atom 2) 

Cia H223 1/2-x, L/2tv-1; 2 2200 

H122 Hi 4 x, 1/2+y-1, 1/2-z 2.39 

H122 H133 x, 1/2+y-1, 1/2-z oa): 

H136 H325 L/24x-le ys, 172-2 2.45 

H213 H324 l/2-s 81/277 ee 2233 


H225 H315 x elev, Lees 2.46 


rt eonsese2id 
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ef.s 
ips 
2hes 
cf.8 


oa, 


s tnytS\E yest SSH 
goS\l \ LeyrS\0 BEET 
E=S\f .f-ytS\2 ee te 
e-£\1 .y .f-ees\ye eseu , 
a 97S. cet ‘esta > CESH 


s*S\l ,y~S\l 1% 
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Fig. 


A General View of [ (O.) Races (P (CH) 3) 3° 2CH,CL. | 
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Fig. 9 


Equatorial Plane Geometry 
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10 


Fig. 


Central Geometry Viewed down the Rh-P2 Bond 
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Discussion 

The complex has a trigonal bipyramidal structure 
if dioxygen is treated as occupying a single coordination 
Site (which is the preferred view in this thesis). 
Alternatively if dioxygen is treated as a bidentate ligand 
then the structure is approximately octahedral. In the 
trigonal bipyramidal description, the two axial sites 
are occupied by triphenylphosphine ligands while the 
equatorial sites (Fig. 10) contain the third phosphine 
ligand, the chlorine atom (C1) and the dioxygen molecule 
(with both oxygen atoms in the equatorial plane). The 
molecule is then coordinatively saturated (Fig. 8). 

The rhodium-phosphorus bond lengths (Rh-Pl, 
2s bOsGA )reeRN =a, 22 .355)4(63) Pe Bh=Pay «2... 39.153) A) show sig- 
nificant .wariation. a;The chemically, equivalent. axial 
rhodium-phosphorus (Pl and P3) distances (A/o~3) are 
interesting, however the actual difference is relatively 
small in absolute terms (0.026 A) and can probably be 
ascribed to. subtle inter and intramolecular interactions. 
Similarly statistically significant waniationsywere: ob- 
served in the structure of [ (Co(2=phos) , (05) 1” — and no 
chemical significance was assigned. The rhodium-chlorine 
bond length of 2.401(3)A is normal for the rhodium com- 
plexes discussed in this thesis (see Chapter VI for further 
discussion). The phosphorus-carbon bond lengths average 


° 
1.829 A which is typical for triphenylphosphine comp- 
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17,18,129 whe distribution of these distances was 


lexes 
consistent with a standard deviation of 0.010 A (com- 
pared with ttypicGal values "of $-07007 A from the least 
squares refinement) and hence a small systematic error 
is indicated. No significant variations were observed 
when the bond lengths were sorted as to phosphine ligand. 
The =dioxygen ligand is typical “of “the w—-bonded 
type (classification: (1) mn the introduction) “and the 
bonding is rationalized in a manner already discussed in 
Chapters Mason >>" has qivenwal slightly as ferent 
method of viewing such charge transfer as involving a 
Cransitlons’simrlar t0 inne > ween Such "a description 
was only meant to illustrate the effects of transfer of 
charge from the dioxygen bonding to antibonding orbitals 
by comparison with dioxygen excited states, and not to 
illustrate the manner of charge transfer. Parshall gn 
considered similar species as involving octahedral co- 
ordination with two o-bonds and no t-bonds being present, 
however such a description does not correlate the oxygen- 
oxygen bond length with irreversibility of oxygenation 
whilst the description of Ibers et sree (derived from 


Grittith's work) 64,132 


dees: 

The oxygen-oxygen bond length is 1.413(9) A 
and=is mot significantly different from that observed for 
the dimer, 1.438(9) A. These distances correspond ap- 


proximately to that expected for a peroxide y and the 
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complex could be viewed as an octahedral rhodium (III) com- 
plex, although as mentioned in the introduction such a 
classification may be unrealistic. The rhodium-oxygen 
bond lengths (Rh-O1, 2.081(8); Rh-02, 25005(8) A) “appear 
to be significantly different and hence the ligand is not 
symmetrically attached. This may reflect differences in 
the trans-ligand (Ol is pseudo-trans to P2 and O2 is 
pseudo-trans to C%l). A similar trend is observed in the 
compound (O,) Irc& (CO) (P(C.H.) 5 (C,H.)) 5 mit where the longer 
metal oxygen distance is pseudo-trans to the better T- 
bonding ligand (in this case carbon monoxide). Detection 


of this assymmetry in the structures (O,) IrxX(CO) (P(C. He) 
Vig 


ee 
x CS iC2 Pak is impossible due to the disorder of X 
and CO that occurs in these crystals. 

There are two other features (both short 
hydrogen-oxygen contacts) that may contribute to the as- 
symmetry of the rhodium-oxygen distances. The first and 
probably the most important is the contact of 2.02 A 
between one methylene chloride hydrogen atom and Ol. 
This is most clearly seen in Fig. 9. This contact is 
considerably shorter than the sum of the van der Waals 


120 


° 
Eadie ( DI5 eA) and it is tempting to describe this 


£335 138, The orientation 


interaction as a hydrogen bond 
of the methylene chloride molecule is such that the cal- 
culated position of the hydrogen atom mentioned is approx- 


imately on the line joining C2-0l. This is illustrated 
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by the near equivalence of the angles: C%4-C2-0O1, 111(1)°; 
C£5-C2-01, 114(1)°, which are in good agreement and 
expected for such an orientation. The second, somewhat 
Jonger, contact (O2=H222 j22..23 A) is intramolecular and 
hence it is more difficult to decide whether it is 
attractive or repulsive in nature, however the hydrogen 
atom is directed towards the oxygen with the ring having 
the most bending of any phenyl group in the structure 
(P2-C221-C224, 174.1(5) ) and very low temperature factors. 
Thus this interaction could possibly be attractive. 

The two dioxygen derivatives described in this 
thesis both demonstrate that coordinated dioxygen is 
still basic. In the bts-phosphine dimer (ChapterIII) the 
coordinated dioxygen forms a donor bond to another 
rhodium atom, while in the trzts-phosphine complex the 
dioxygen molecule is involved in at least one hydrogen 
bond. 

It is probable that neither of these compounds 
represent the major dioxygen complex formed in solution 


by the addition of oxygen to RhC¢ (P (C,H Rather 


5)3)3° 
they result from tie Conditicns*or crystallisation. » The 
course of events is likely to be that shown below where 


triphenylphosphine is represented by P. 
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RhP CL + O5 % RhP,C2L0, ee 

RhPC20, % RhP,CLO, + P [2] 

2RhP,C2LO, % [RhP,CL0,], [3] 

[RhP,CL0.], % [RhP,CL0,], (s) [4] 
catalyst 

Poa ly 2 OF ee [5] 


The, equilibrium [2] favours RhPCLO, and only when the 
phosphine concentration is high does RhP ,CLO., form in 
sufficient quantity to crystallize. The dimer [RhP.CL0,] , 
has a very low solubility and hence cannot account for 

the moderately high concentrations of rhodium in solution. 
It is probable that reaction [3] is extremely slow in view 
Otuathe stermuc mactors. .nvolved. in the formation. ef sthe 
dimer. Hence fresh solutions, formed by the addition 

of dioxygen to RhP 


Cen -COLrrespond, .co REP Ck (0.) in agree- 


3 2 
ment with the earlier osmometric studies Seth and this 
species is thermodynamically more stable than RhP,C£ (0) 


and kinetically stable with respect to its dimer. 

Reaction [5] is similar to other reactions ve producing 
triphenylphosphine oxide and may explain why free tri- 
phenylphosphine is only observed in very low concen- 
trations, whilst the oxide is usually observed in solutions 


having osmometric molecular weights of ~600 ole 
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CHAPTER V 
ThesCrystalseand Molecular Structures of 
the Orange Form of RhCk (P (Ce H-) 3) 3 
Experimental 

Orange crystals yor RhCL (P(CeHE) 3) 3 were found 
to have a "lathe" like habit and were arranged in clusters. 
A suitable crystal was cut from one of these clusters 
and after examination under a polarizing microscope, it 
Was mounted on the end of a thin glass fibre so that the 
needle axis was coincident with the goniometer axis. 

Examination of preliminary Weissenberg and 
precession photographs indicated that the compound crys- 
tallized in the orthorhombic crystal system (Laué symmetry 
mmm). Absences were found that satisfied the following 
Set of ,conditions, s(nke jo wrestrecthiaons : 0, do 4) 2 = 
2n + Ls Noe shies 4Aty Bales hho no, nestirictpons joa +i This 
combination of absences is consistent with the space- 
groups Pna2, or Pnam. 

The crystal was oriented on a Picker manual 
diffractometer with the “b" axis coincident with the 6 
axis of the instrument. Several high intensity peaks 
were scanned for any sign of splitting due to twinning 
of the crystal (a Laué photograph had been taken earlier 
aS an initial check of the optical examination) and no 


evidence of twinning was observed. 
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Lattice parameters were then calculated using 
diffractometer 28 values for 13 high angle reflections. 
The 28 values were obtained with the independent w/2@ 
method and utilized the positive and negative 26 values. 
The crude lattice parameters from the photographic study 
were then subjected to a least squares refinement to 
give the best fit between the observed and calculated 286 
angles. The high angle reflections were chosen so that 
there was a large variation in the ¢ and y angles and in 
all cases the a5 /o5 splitting was resolved sufficiently 
to allow the Oy peak (A, 1.54051 A) to be centered. 
Lattice parameters were a, 19.4/0(3)> b, 12.689 (2); 

Pe ieroosiay) ae ee oe THe dene sty oF fhe com 
pound was measured by flotation in aqueous potassium 
iodide solution as 1.363 g-cm >. The density calculated 
for four molecules in the unit cell is 1.367 oa 

Intensity data were collected on a Picker 
manual diffractometer using copper Ka X-radiation, a ie 
takeoff angle and a graphite crystal monochromator 
(002 reflecting plane). The coupled 29/w method was 
used with 1] minute scans from (26-1)° to (28+1)°, 20 
second stationary background counts being taken at the 
limits of the scan. The diffractometer settings were 
calculated with the programme MIXG2. Data were only 
collected to 90° in 26 because of the rapid decrease in 


the intensities with increasing 26, as observed in the 
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photographic study. During the data collection eight 
standard reflections were measured at eight hour intervals 
as an indication of any crystal decomposition (no evidence 
of which was found) and all reflections having a count 
rate in excess of 104 counts-sec + were noted. A total 
of 2212 reflections were measured and of this number 1412 
were found to be statistically reliable using the criterion 
I. «30 for rejection. After the data collection the high 
intensity peaks i.e. those exceeding the linear response 
range of the detector, were recollected at lower voltages 
and scaled into the data by comparison with less intense 
peaks recollected in the same manner. The 9k0 reflections 
(at x = 90°) were measured at 10° intervals in ¢ to 
provide experimental confirmation of the correctness of 
any absorption correction. 

The crystal faces were identified as members 
phuthetstormss: 115 06103-04450 Jang Ons lgemndy ody 042 
The dimensions of the crystal as measured under a micro- 
scope were ~0.22 x 0.13 x 0.05 mm. Reflection data were 
corrected for Lorentz, polarization and absorption effects. 
Transmvssi oOmaactors varied from 0.805. ito 0,550, w(cukd), 
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47.6 cm). Finally the structure amplitudes and their 


standard deviations were calculated using an uncertainty 


factor 106 or. res + 
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Structure Solution and Refinement 

A three dimensional Patterson map was cal- 
culated and carefully examined to resolve the choice of 
Space group. In this case the structural possibilities 
areses(1) Pna2, with each molecule occupying a general 
position and with no constraints on coordinates, (2) Pnam 
with each molecule occupying a special position and having 
a mirror plane parallel to the "xy" plane. Special 
positions involving 1 were not considered a serious option 
for this molecule. 

These two possibilities give rise to the same 
rhocmMin-cheriumevectors. (1/72 2 2x, 1/2, 1/2; 1/2; 1/2 2 2y, 
O+ + 2x, te2yce+/2)ebuk finespranciplettheynshouldrberre= 
solvable from vectors involving the lighter heavy atoms 


(phosphorus and chlorine). In this structure three of 


the heavy ligand atoms have "z" coordinates approximately 
equal to that of the rhodium and the fourth atom (later 
shown tosbe. the. chioranesatomabass ays 2° ecCoordinare 
definitely different from the "z" coordinate of the rhodium 
atom albeit by a relatively small amount (Table 25). Thus 


spacegroup Pna2, is clearly indicated as the correct 


Spacegroup but the heavy atom fragment (RhP C2) is ap- 


proximately planar and perpendicular to the "z" axis. 
The "z" coordinate of the rhodium atom was assigned a 
valime.of 02250 togdefinée-the torigian cof athemnitecell: in 


this. direction. 
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This pseudo mirror plane in the fragment of 
the molecule used for phasing the structure amplitudes 
produced a pseudo mirror in the electron density map cal- 
culated at this stage i.e. the map represented the 
electron density of the molecule and superimposed upon 
this was the electron density of the mirror image 
although not with equal weight. Solution of the structure 
was slow and required several electron density difference 
maps to locate all of the atoms. The second image dis- 
appeared as the number of atoms in the model increased. 
The sequence of events in solving the structure is out- 
bined, in® Table 26. 

Subsequent refinements of the model were routine 
except for incomplete refinement of the phenyl groups due 
to an error that was specific to rigid bodies in non- 
centrosymmetric spacegroups in the least squares refine- 
ment programme. Once this error had been detected and 
corrected the structure converged satisfactorily (Table 27). 
Seructune sLactors sfor erhodium, chlorine, phosphorus: and 
carbon were calculated using neutral atom scattering 
Pacteors derived sbrom Cromenus .coetficients cor and in- 
cluded for rhodium, phosphorus and chlorine the real and 
imaginary terms for anomalous dispersion. The scattering 
factors of Mason and Robertson a were used for the 
hydrogen atoms. Throughout the calculations the six 


carbon atoms of each phenyl group were treated as rigid 
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bodies of Den symmetry with carbon-carbon bond lengths 
OL Le 302 he Hydrogen atoms were included at their cal- 
culated positions (carbon-hydrogen bond length, 1.0 A) 
with isotropic thermal parameters set at 10% higher than 
those of the carbon atoms to which they were attached. 
Due to the shortage of data the number of parameters was 
a serious concern during the refinement process and the 
rigid body model for the phenyl groups enabled the 
number of parameters to be minimized. Anisotropic thermal 
parameters were introduced for the rhodium, phosphorus 
and chlorine atoms only. 

At convergence (shift/sigma = 0.12) the standard 
deviation of an observation of unit weight was 1.55 which 
is certainly acceptable in view of the constraints placed 
on the model. A final electron density difference map 
showed no systematic residual peaks with the largest 


oS 
positive and negative peaks being 0.44 and -0.36 e.A : 


respectively (cf. carbon ~3 Ae 


). These peaks were 
Situated in the vicinity of the 11 and 12 phenyl groups. 
The correlation matrix was also printed out in this final 
cycle (Ry = 0.047; R, = 0.053) and high correlations were 
observed between some carbon temperature factors, however 
all coordinate correlations were less than 0.2. 

Although the space group Pna2, contains both 


enantcaomers thessolntions x, yj, i and, x, ay, 2 (Ol S, Y, 2 


or x, y, z) are not equivalent when anomalous scattering 
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ie inewmiaea im che calculation of tne Structure factors. 
Since the space group is polar the ‘incorrect' solution 
would have systematic coordinate errors te and hence 
errors in geometry. For this, data set the.solution 

xX, Vy glean be erejected on the basrs of avHamilton R 


factor ratio test 114 


with a confidence level of greater 
than 99.5% 

The atomic coordinates were then entered into 
the programme ORFFE II with their respective standard 
deviations and the interatomic distances and angles (with 
their corresponding standard deviations) calculated. 
Rhodium-phosphorus and rhodium-chlorine bond lengths were 
also calculated including an allowance for thermal motion. 


in iehis® correction the lighter atom (phosphorus. omechlorine) 


Was =assumed to "ride om the heavier atom (rhodium) = ‘This 


correction was only appreciable for the rhodium-chlorine 


bond length. 


suloe tan os 
& noatimall «0 nhs td oie ible 
z9d3se7p to Level asnebiinos s daiw ®t pene 

alla ike ent ande 4 

otek bexsasas neds stew enahees oimote of us : 
brebuate evisoeqaer sed dgiw Tt SAO Ty 
dsiw) soipns bas ascnsteth oimosizetat eda bas anoltatveb — 
.betsivolan (anottsiveh busbante patbaogess109 =, 
exsw adtenel Baod earroldo-muiberd: Sas auiodqeorq-mu boda 
noitom Issued 102 sonswolls as patbuiont betefuolno oats 
lentrofdy to agrodyserqg) wots teddpil sd? moldogzz09 ates ine a . 


aid? .(meibors) wate teiveed odd a9 sbiz oj bemueas ew) | 
entioldo~wlhords sf¥ tot eldsinesiggs ylao esw soi toe1I0> . 
| | . an 


7 


,. i 


nt ra 
wea , 
a] Sh 


fe 
ga a (2 
id he ee de : vi ae 


a _ Sis 18 5 la baa 


119 


O00: 6. 7st 05.005 °0 
00S°0 00S °0 “862-0 
6S7°0 *9SP°0 *98E°0 
Repose yyo.0) “7tl. oO 
2UO°0" S6f-0 “OSE. 0 
657-0 “201 0 “~Z2L0+0 
00S "0° “8S0-0* “972140 
00070 “Zr7' 0 “00S 0 


005 "0° 7006") *Prrsee0 


(UOTINTOS WOrF) 
SOFEUTPAOOD °OTeD 


8 
8C 
Le 
Le 
USS 
Le 
66 
86T 


86T 


qYySTOH 
"OTRO 


q 


(600 “0 “20-0 “190 70—)5. fo 


(0SzZ°0 ‘6z20°0 ‘€90°0) YA = B& sayTNsoy JusuUbTssyY 


Gf Acc es ae 000°0 ‘PSE°O ‘00S"0 
Zee) Se ec 9¢ 76P°O ‘OPS'O ‘L6E*0 
Noe a-Z/T! A= Ate /T* e+ eT 09 96P°0 ‘09n°0 “ZBE"O 
Hig 21K 5 eee 99 0S0°0°"970°o" OTT -0 
SEM Ml er aadein a: SSecarak 89 enya Hyder, Ueiis 7 
eae 7/7 Tk ee x EL 957-0 ‘00-08’ ci070 
Zit! Bam ee 8ST  ¥6¥°0 '090°0 ‘SzT‘O 
Of Ag-c/ teem S6Z 000°0 ‘Orr*O ‘00S°0 
2a a se-c/ 1 POE Perio “POS'O ‘ELE*O 
M A Nn 


(666=UTHT10) 
qZusewubtssy ZYubTeH ° TSU SOJLUTPIOOD YAeog 


syeog uosiejzjeg Jo WZUuewubtssy 


Sc 9TOeL 


ce Lea 
ir _ 
anetl a F ° 


rs 


¢ ' : 
4, “Ohpe’* : 


a aoe i . 
be wr ~t 
. “i 


ARERR 
tes Wied ae 


rms: is 


a 


a 


we a> eae 


= 


3 
BEEN gat 
r 0, yS=S\L,5\ 
= | B\Ey Ys 28 
—  agitgt i Meattetigtt 
: PogP at gY Ms get gers 
=; dtp dt st aa 
gt gi tM tere 
SUI S\i, ese 
Dy ve-S\t,S\E 


beh.O , 802.0 ,ETE.0 
000.0 ,0bS.0 ,008.0 
Beb,0 (080.0 ,281.0 
a23.0 ,£02.0 .S10.0 - 
026.0 ,@e&.0 ,286.9 on 
020.0 ,080.0 ,alr.o 
d28.0 ,08b.0 886.0 
Seb. ,O2.0 ,TeE.8 
090.0 ,b2e.0 ,002,0- 


(p2.0 .e50.0 ,£80.0) Ht = 5 ativeet Insmmphaah 


(20¢.0 ,£79,0 ,£20.0-) fo = a 


7 
> 


120 


pepntout uebozpdAy 


Se TO qydseoxe swojze [Te 

9€€._TEEQ 

9TE~_TTE~,9€¢5_TECQ Z07°0 197E_TCE,9TC>_TIC, 
19€@._T?.,97T._T2TQ PSZ°0 9€T_TET.,9TT_TITQ 


€d'izgd‘ td’ to’ uu 


coe _TEE~,97E~_Tct, 


®) rote — 
seca ce et Te 6VE "0 Ga a qd’ yo" Ua 
€d’cd‘Td Gov 0 Sou 
dew eouezezztq Hbutpuodse1z109 
UT pozedOT swojW MON Ty Bbutseud ut pesn swojzy 


9c ETAPL 


c 


a 


eToAd 
qZuSWwSeUuTy SY 


Dn FO Se 


a Po, et arenas, 


2.0 > 99 aa 
QbE.0 £4, £9, 19,29, 00 
ROE. 

; £4, $4,295.59, da 


he eeee® ef? te err a 
Ca *-xgge? "age? sane?" ese” 
eei.0 aqacxe emoss fis 


La? 


Table 27 


Refinement Sequence for RhC2 (P(C.H.) 3) 5 


Refinement Model R R 
Uh 2 
Cycle 
7 all atoms isotropic O Uo Ze esa UG 
8 anomalous dispersion 0.090 0.104 


correction applied 


9 central atoms anisotropic 0.0765 "07086 
10 ie, one ae O35 069 202052 
hue hydrogen atoms included O06 5202076 
12 model x, y, z tested 0-051 a0.097 
3 programme error located OL 05 Es U2057 
ie xf oe Kee 0.047 0.053 
ales: model x, y, z retested 0.052 0.064 


a 


Test of convergence in cycle 14 

Maximum coordinate shift as measured in terms of the cor- 
responding standard deviation 0.05 

Maximum thermal parameter shift as measured in terms of 


the corresponding standard deviation 0.12 


at so ern 
-rop atid Io amos ot Seeunson ea S2ide sdenlbr009 
20.0 molisiveb busbaste 
to ented ai sicbota lt Sanlli ciminknes téeaan, 


Sf£.0 oolgsiveh brsboste oictonassidtaveel ail =a 


Le 


Results 

Table 28 gives the observed i] Ra) and cal- 
culated Ghee) structure amplitudes. The atomic 
coordinates of all atoms are included in Table 29 with 
the anisotropic thermal parameters (Ua) of the central 
atoms being listed in Table 30. Other tables include 
interatomic distances (Table 31) and interatomic angles 
(Table 32) with the inter- and intramolecular non-bonded 
contacts listed in Tables 33 and 34 respectively. 

Fig. 11 shows the central coordination geometry 
viewed perpendicular to the P1-P2-P3 plane. Fig. iZ 
shows a similar segment of the molecule viewed down the 
P1-P3 direction whilst Fig. 13 represents a general view 


of the molecule. 
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Table 23 


Observed and Calculated Structure Amplitudes (electrons x 10) 
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12 o 454 aos 2 10 262 231 10 6 376 216 1 a $34 $36 5 2 654 821 
14 © $39 S42 3 10 908 916 14 6 356 364 2 4 6455 209 6 2 707. 683 
16 Oo 651 671 = 10 950 1010 1s 6 620 Té64 3 4 $80 s7ea ne 2 1066 964 
1 1 2356 2409 9 19 4482 e75 ° ry 494 $39 a 4 254 243 8 2 441 425 

2 a 392 395 1 ia 624 560 1 7 272 295 s 4 1092 1101 9 2 1027 1035 

S 1 1915 1891 2 aa 542 S71 2 ry 741 796 6 an, 73% 724 1¢ ¥ 705 721 
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2 Sees 263 17 1 ssi s74 6 9 406 426 1 6° S55 S37 15 3 #394 398 
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3 8 e468 669 13 .-} $9s 640 6 3 546 S12 6 1 367 347 9 r) 466 309 
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6 e@ 486 $31 16 5 626 625 6 3 496 482 6 1 604 626 ° 9 295 309 

v 6 222 206 1 6 1456 1s0)3 9 3 1499 1506 9 1 346 381 2 ° 405 367 
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Table 29 
Atomic Coordinates and Isotropic Temperature Factors 


for the Unique Contents of the Unit Cell 


Name % y z BS 
Rh 0.06304 (5) 0}. 0289.2 (9) 0.2500 (0) 2.38 
ese =O. 050.542) 00'726-(3.) 0.2088 (3) 35.69 
Pl 0.0800 (2) O722035 (3) 0;,. 25:55 (4) ers ae 
Pe Or iees G2) (rn Lo (3) Or. AG07, C4) ZG 
P3 0.0154 (2) =O. 1362:(3) Op. 27S (2) Zea 


* These values are equivalent isotropic temperature 
factors corresponding to the anisotropic temperature 


factors given in table 30 
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Table 29 continued 


(a) Phenyl Carbon Rigid Bodies 
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Table 29 continued 


Name 


C134 


G35 


C136 
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x 
0.283048) 
0.244(1) 
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0 1 i) 
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Table 29 continued 


Name x y Zz B 
C231 0.204 (2) -0.044(1) 0.356(1) 3.7(4) 
e2a2 @ureaas -0.087(1) 0.372(1) Te) 
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C324 0.1449 (6) ~0.3965(8) 0.3880(8) 4.7(5) 
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Table 29 continued 


(b) Phenyl Hydrogen Rigid Bodies 


Name = y Z B 
H112 0.077 0.416 Ueeee 8.3 
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Table 29 continued 


Name x 4 z, B 
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Table 29 continued 
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Table 32 continued 


Atom 1 Atom 2 Atom 3 Angle (°) 
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Tabd ee 33 


Selected Intermolecular Contacts 
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Atom 1 Atom 2 Symmetry Operation Distance (A) 
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Selected Intramolecular Non-Bonded Contacts 
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Figs? 12! 


View Perpendicular to the P1-P2-P3 Plane 
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Figs 12 


Central Geometry Viewed down P1-P3 Direction 
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Discussion 

To a first approximation the coordination of the 
rhodium atom (Fig. 11) is square planar but there is a 
marked distortion towards tetrahedral geometry as emphas- 
ized by Fig. 12 and the angles C2-Rh-P2 and P1-Rh-P3 of 
L6G. / (2) wands l59.1(2)2 respectively.) Thejdattereangie 
cannot be interpreted simply as being due to the dis- 
tortion towards a tetrahedral geometry since it contains 
a Significant contribution from a bending of P1-Rh-P3 
within the mean molecular plane of the complex. The 
distortions from square planar coordination are explained 
by the bulkiness of the triphenylphosphine ligands (vide 
infra. 

The phosphorus atoms can be grouped chemically 
into /two.categories, (1) onéspair-mutually tranesand ets 
to the chlorine atom, and (2) the unique phosphorus trans 
torpchiorine. sForethis latter phosphorus qi the-~rhodiuns 
phosphorus bond length is 2.228(4) A whichis isitonitacantly 
shorter than the other two bond lengths (Rh-Pl, 2.307(4), 
Rh-P3, 2.341 (4) A) between rhodium and the mutually trans 


phosphorus atoms (A/o: 14 and 19 respectively). MThis 


pattern of rhodium-phosphorus bond lengths is consistent 


with the t-acidity and thus trans effect of phosphorus being 


greater than that of chlorine neta he The difference 


between the chemically equivalent rhodium-phosphorus bond 


lengths appears to be statistically significant (A/o,6) 
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and may reflect differences in intra ligand contacts. 
The difference may not be significant in that the standard 
deviations as derived must underestimate the true values 
if systematic errors are present. 

The average phosphorus-carbon bond length in 
this structure is 1.844 A and is somewhat longer than the 


value observed for triphenylphosphine ee) See) ig typical 


0 
dedi See euaeeranhe. This increase appears to 


metal complexes 
be correlated to the short rhodium-phosphorus bonds. If 
the phosphorus-carbon bond lengths are sorted according 

to the phosphorus atom then the bonds involving Pl and P3 
average 1.838 A while those involving P2 average 1.855 A. 
An analysis of the six phosphorus-carbon bonds involving 
Pl and P3 shows that they are consistent with a standard 
deviation of 0.010 A which is in remarkable agreement with 
the standard deviations derived via the least squares 
refinement and ORFFE II. The P2-carbon distances show a 
maximum deviation from their mean 1.60. The difference 
between the group averages is interesting but not accept- 
able as statistically significant by normal conservative 
crystallographic criteria. It was this feature which lead 
to the redetermination of the structure of the red form 
(Chapter Vij since 21t might provide Tidepencenc Svzrcence 
of the observed trend and averaging the values of both 
structures might produce a significant variation in 


Gistances. 
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The rhodium-chlorine bond length agrees well 
with those observed for the dioxygen derivatives described 
in Chapters III and IV but appears to be rather longer than 


the values as reported by Mason et al., BS for the red 
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form of RhC 2(P (CH (2s Jo So) we A) and 
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5)3)2" 
cussed in more detail in Chapter VI. 

The final structural detail to be discussed is 
the close rhodium-H222 contact of 2.84 A which is evident 
ano ig., 1S... This, close contact, could, result from, 41) 
natural attraction of the hydrogen for the rhodium atom, 
or (2) a repulsion elsewhere in the molecule aoe Table 
33 contains all important intramolecular non-bonded con- 
tacts. In this Table if one ignores contacts between 
carbon atoms of the type (M11),(M21),(M31) then there are 
surprisingly few contacts between phenyl groups that are 
Significantly less than the sum of the van der Waals radii. 
These contacts are: Hl12-H126, 2.12 A: H226-H232, 1.84 A: 
H236=H312 2.07 A; CIB HC2 UE ses. 22k) Ne C5 s=Cei5, 

3.30 (1) A; C22l-=Ci2277 3220) A; Ce26=C327 5229 ne C236- 
C3826, 3.434 A. From these contacts it is obvious that 
phenyl oe is repelled by H232 and C322 into close 
contact with the rhodium atom i.e. the short rhodium 
hydrogen contact cannot be treated as representing an 


attractive force. Rather it represents a balance of 


repulsive forces. There is also a larger number of 
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repulsions involving the atoms of the phenyl groups 
attached to P3 relative to the number of repulsions in- 
volving the atoms of the phenyl rings attached to Pl. 

Thus one could explain the slight increase of bond length 
t6y Rh-P3 when compared to Rh-Pi. It is highly doubtful 
that the interligand repulsions lead to the apparently 
abnormal phosphorus-carbon bond lengths in this structure. 
This view is discussed further in Chapter VI.Intermolecular 
contacts are listed in Table 32. Only one of these con- 
tacres 2s abnormally Snort vie. HIS at x,y ,2 to Hi2z4 at 

x, l-y, 1/2+z of 1.92 A. All other contacts are equal 

to or greater than the sum of the van der Waals radii 


and further discussion is not warranted. 


itpiet bied Yo easexont sAyet: Gilp ala teiel: tmsereas alles 


(vtvdveb yideld af 4% .19-c 0% Bexeqmos nedw £4-di 302 
vidnewsqs sd# of Bool andtelugst basgilzesat edd saint 


.exrtsourwte etd nt edgpnel Baod nodans~aurotiqaodq Ismiords 
relinoelaniasel ,1V-rsdqnd> nt vortseo? Beetioetb st watv eld? 
-100 saedj Io emo ylaO .St older at ‘bedall ozs ‘etondndo 

te PSEH-oF wy ex te OLIH vale saode yllemsonds af e3982 


Taupe ore etontacd tef@sq LULA A seit to s+t\r “¥ { \k | 


iiBex else eb asy edd Yo mua edo Aedd Yetserp to cd 
‘agasvesew tom a2 nofeensath teddwt Bas 


t — *a 


Pill ; : 7 4 fee 


CHAPTE REVI 
ThenGrysta. candi Molecular isteuctures tof 
the Red Form of RhCk (P (CH) 3) 3- 

Experimental 

Dark red crystals of the compound were examined 
under a polarizing microscope and found to be chunky, 
capped prisms, with no sign of twinning being evident. 
A crystal was mounted on the end of a thin glass fibre 
and a Laué photograph taken. Again no crystal defects 
were noticed and the crystal appeared to be suitable for 
a diffraction study. Preliminary Weissenberg and preces- 
Sion photographs indicated that the compound crystallized 
in the orthorhombic crystal system (Laué symmetry mmm). 
The systematic absences (Ok2, k + & = 2n + 1; hok, h = 2n + 
1) were consistent with the spacegroups Pna2, or Pnam. 

Precise lattice parameters were obtained from 
a least squares refinement uSing 26 values of 18 ac- 


° 
curately centered high angle reflections (CuKa, 1.54051 A) 


1 
dd sneain (3 20's) Seo T (2); Ge Mispisiiiar clara: 
reflections used showed resolvable splitting of the 

a, / o> peaks. The density of the compound was measured 
by flotation in aqueous potassium iodide solution as 
Pane D382 g-cm?, a value in good agreement with that 
calculated using precise lattice parameters, 
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AAS AS g-cm > (for 4 molecules per unit cell). 

Intensity data were collected on a Picker manual 
diiGtractometer with the crystal "bl axis aligned coins 
cident with the diffractometer $¢ axis. Copper ka X- 

Geet uate was used with a graphite monochromator (002 
reflecting plane) and a 2° takeoff angle. Diffractometer 
settings were calculated using the programme MIXG2 and 

the high intensity axial peaks were scanned at expanded 
chart speeds to detect twinning or unusual reflection 
shape. No unusual effects were found. Each reflection was 
scanned Eroms(@26.— 1)° to (26 + 1)° an 1 minute and, 20 
second stationary background counts were taken at the limits 
OL he Goupled /uj720) scan. The otal backorounc: counts 

were calculated from a linear interpolation of the two 
stationary counts. Data were only measured to 90° in 20 
because of the rapid decrease in intensities with inc- 
reasing 20 as observed in the preliminary photographic 
study. During the data collection 5 reflections were 
‘measured at 8 hour intervals to check against crystal mis- 
alignment and/or decomposition. No significant changes in 
these ae eae were found throughout the entire data 
collection. A total of 2221 reflections were measured and 
of this number 1469 were statistically reliable using the 
criterion I.«< 30 for rejection. Reflections having a 


. F 4 -l 
maximum count rate in excess of 10 counts-sec (and thus 
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greater than the linear response of the scintillation 
counter) were recollected at the end of the initial data 
collection at reduced voltages and ee into, the, data 

by comparison with the other reflections of lower inten- 
sity, recollected under the same conditions. The 0k0 
reflections were measured at 10° intervals in $ to provide 
experimental verification of absorption corrections. 

The crystal faces were identified as members of 
the forms 1100}, 1210}, (201) and. the crystal was removed 
from the diffractometer. The crystal dimensions ( 0.17 
x 0.21 x 0.14 mm) were measured under a calibrated micro- 
scope. These values were used to make an absorption cor- 
rection (lig = 47.6 ano and the data for different $6 
values after correction for absorption were consistent 
within 5%. Transmission factors varied from 0.683 to 
0.566... Reflection data were corrected for Lorentz and 
polarization effects and the structure amplitudes with 
their respective standard deviations calculated using an 
Micertaintystactorm of 0.03.4. Onlvuthe Signi hiceant cava 


were used an.ithe structure solution and refinement. 


Solution of Structure and Refinement 
A Patterson map was calculated and the molecule 


was assumed to have the more general space group Pna2, 
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for reasons outlined in Chapter V. The Harker lines gave 
peaks representing the rhodium-rhodium intermolecular 
vectors and the rhodium "x" and “y" coordinates were 
optarned: “Whe "2 “coordinate Of the rhodium atom was set 
Boee. 25 tots the Orrginein this GCirection., lhe atomic 
coordinates of the chlorine atom were found from the intra- 
molecular vectors and checked with the Harker line peaks 
for this atom (see Table 35). The remaining atoms were 
identified in a series of electron density difference maps 
es indicated in” Table 36: 

Mie ELLGLa” body description tor the carbon atoms 
of the phenyl groups was used to minimize the number of 
parameters. The atomic scattering factors for the rhodium, 
chlorine, phosphorus and carbon atoms were for neutral 
species. These were derived from Cromer's coefficients wae 
and included (for rhodium, chlorine and phosphorus) the 
real and imaginary terms for anomalous dispersion. 
Hydrogen atoms were added to the refinement at their cal- 
culated positions with carbon-hydrogen bond lengths of 
1.0 A and isotropic temperature factors 10% greater than 
those of the carbon atoms to which they were attached. 
Hydrogen scattering factors were those of Mason and 
Robertson | 


Refinement of the completed structure was 


routine (Table 37) except for problems caused by an error 
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in the refinement programme that was specific to noncentro- 


symmetric space groups. Elimination of this error allowed 
the structure to refine to convergence. As mentioned in 


Chapter v two solutions must be tested for this spacegroup 


when anomalous scattering is considered. When the molecule 


was reflected through the "xy" plane a Hamilton test showed 


that the new model was preferred at better than the 99.5% 
confidence level. 

At convergence (estimated standard deviation of 
an observation of unit weight = 1.595; maximum shift/ 
go = 002> Ry = 10,0425" R 


difference map was calculated and the correlation matrix 


oe 0.045) a final electron density 


printed. Examination of the electron density map showed 


the largest positive and negative peaks (0.38 enn and 


yy ety ar eee soe Aer oe 


) to be situated near 
phenyl groups. The correlation matrix showed high cor- 
relations between some phenyl carbon temperature factors, 
but all coordinate interactions were less than 0.18. 

All interatomic bond lengths, inter-~ and intra- 
molecular contacts (with their angles and standard devi- 
ations) to a distance: of 3.5 A were calculated using ORFFE 
II. Bond lengths involving the rhodium atom were also 
Calculated to anclude, a vcorrection for thermal motion 


assuming the lighter atoms to ride on the heavier rhodium 


atom. 
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Table 37 


Refinement Sequence for Model 


All atoms except hydrogens 


included, temperature factors 


held*constant (Brri;, 2553 "Cx, 


2 ote Pees) see 5a) 
temperature factors refined 
anomalous dispersion cor- 
rection applied 

central atoms given aniso- 
tropic temperature factors 
hydrogen atoms included 
error in refinement 
programme corrected 

origin molecule reflected 


through "xy" plane 


Oe Aa 


Oe 7zZ 


0.147 
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Oe079 


S072 
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Results 

The observed and calculated structure amplitudes 
re) and be respectively) are listed in Table 38. 
Table 39 gives the atomic coordinates of all atoms with 
the anisotropic thermal parameters of the central atoms 
being included in Table 40. The interatomic angles and 
distances are given in Tables 41 and 42 respectively with 
the inter- and intramolecular non-bonded contacts being 
listed in Tables 43 and 44. The standard deviations of 
the least significant digit are included in parentheses. 

Fig. 14 shows the general geometry of the 
molecule whilst Figs. 15 and 16 show views down the Pl- 


P3 direction and perpendicular to the P1-P2-P3 plane. 
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Table 38 


Observed and Calculated Structure Amplitudes (electronsx1l0) 
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Table 39 


Atomic Coordinates and Isotropic Temperature Factors 


Name x y Z B* 
Rh Ost 29813) OL, 122047) =Om2 000 VE as 
ON | O07 70 CL) 0%. 06953) -0.4336 (4) SAU) 
PL 01232619) -~0.0662 (2) —-0.2471 (6) Leip ds 
PZ Of fool) Oe 0G9 Us) =O. 1365 (4) Pea peBS 
P3 020729 (1) C2767 13) =O. od to) Pee Sh 


* These values are equivalent isotropic temperature factors 
corresponding to the anisotropic temperature factors given 


in Table <40 
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Table 39 continued 


(a) Phenyl Carbon Rigid Bodies 
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x y Z B 
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Name x y Zz, B 
C326 0.1040 (3) 0.3743(8) -0.4358(9) 4.6(4) 
2 S66) x? O2070312) 

0.567(9) y? 0.4396 (6) 

 2.00(1) z+ -0.4586 (7) 
C331 0.0202(3) 0.2307(7) Shoe (4) aaa) 
C332 0.003(1) 0.2158(9) -0.098 (3) 4.4(4) 
C333 Borns) Cp ikals -0.089 (1) 6.4(5) 
C334 = 0GHeS Gate Ola) ~0.193(4) Eo) 
C335 ~0.041(1) 0.1650(9) Bao 03) ibe ea 
C336 =0.002(1) 0.205(1) Sone ian) Tee (6) 

feos (5) oe Spegion(2) 

Tacos yt 0.1904(4) 

1.42-(2) zt Sy teem 


= These values represent the ring centre of gravity 
coordinates 
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Table 40 
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Anisotropic Temperature Factors (a2 x 10°) 
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2.214 (4) 
2.p2244) 
1.842(6) 
Veal {9) 
teeo93) 
1.847 (7) 
1.864 (7) 
Ws 83949) 
Ve 8ov 49) 
L.€20(9) 
T3830 (9)) 


Leek 


2.8984) * 
2.33643) * 
2.21444 )* 


2.3924 (4)* 


| * " a) _ 


ae @ im pase 
cnpeees = tare. 


+(e) ete.) yee) ~ a] 
e(aetess l= does le) dose 
oyppese. go | | - deysse.s nue «a ~ 
(oySe8.0 0% 16 «RINE 
(ere.t ts 
(8) ee8.t LeL3 
: (rye emed _ ££89 : 
cr) e994 £859 ae 
(epees.t eso | s4 
_ (eprte.s thes | 
(2p ocet £kED 4 
(ayeea.f Leé9 | ~ : 


palbiz wot Retoszi0o sulsV * 9 _ 
; a 
> 


Atom 1 


Table 42 


Selected Intramolecular Angles 


Beom 2 


Rh 


Ss 6¢ 6 & & & & & 


Atom 3 
P2 
pa 
Cy 
HU 
PS 
Ck 
HIt2 
Ch 
BIZ 
Hil2 
C114 
Ci24 
C134 
G2i4 
C224 
C234 
C314 
C324 
C334 
Cid 
Cle 
CisL 


(Table continued) 


Angle (°) 
Dio (2) 
152,543) 
95.2 (2) 
67.2 
100.4 (1) 
56.242) 
1u5.2 


86.1(2) 
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17S. 14) 
27 ONT) 
BIG. IG) 
176.0407) 
1 Oe ee) 
104 23.43) 
12a ie) 


124614) 


Me ie 


(*). okpaa 
(£/@ Ser 
(ey si28 

&.va 


iS)S ,aeL 


£208. 


(£7) £.98 
¢. 38 
0.98 

(¥) 9.90 

(00 atL 

(ape .arg 

(T)2 bts 

{£801 

(T)O.20L 

(aye .ave 

(T) 0.90 

Cra 90L 


(Eye bor . 


a 


: 2 


~ 


- 


. : . 


_ 


.s. 4 " 4 » 
ie ie te le 
— © 7 


ote 
— 
t 


i¢ 
+ 
co | 


= 
—_ 


i, 


ELT 


- 


> -- 


23 83 


a & by ime om 


— 
& 


- 


aw 7 


Atom 1 


Atom 2 
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P2 


p2 


ES 


PS 


P3 


PL 
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Pi 


Pe 
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RS 


Ros 
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Atom 3 


C21) 


Cz20 


C231 


Cea 


G3 Zul 


C33. 


eiZ 1 


Cis 


Criss 


C22 


G231 


(GPAs 


Caek 


C351 


eereal 


Angle (°) 


109.7(4) 
#14 .1(3) 
Zao IAS) 
124.7(4) 
17. 14) 
LOG. 240) 
105.3 (5) 
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Table 43 


Selected Intramolecular Non-bonded Contacts 


Atom 1] Atom) 2 Distance (A) 
Rh | Hii2 PEG LT) 
Rh H216 2.94 
Ce H126 22.62 
Cy H336 Zero 
H116 Hi22 Zee 
H126 H216 Zo 
H212 H236 2.39 
H216 H226 2 eal 
H3a2 H332 Zed 
‘er eah Hi32 2.62 
Cir? Hils2Z Papa eye 
Cci22 HG re 
Ga H226 269 
C226 H226 2.44 
C251 H212 2.68 
C232 H3il2 Zoo 
C236 H212 2.00 
C3L2 Hoaz Reis) 
Cai2 B222 2662 
Cae H316 pew 
C322 H3i6 Paso 
(on daa ea em) 


(Table continued) 


Atom 1 
CL 
CLZE 
C215 
E201 
C221 
e3i1 
e321 
C321 
C126 
Gish 
okey 
Crs 
CSG 
C136 
CLs6 
Co22 
C222 
Pl 
P2 
aah 


PS 


Atom 2 
Cis 
ClsL 
C222 
Czo 1 
C232 
C321 
C33 
C331 
C216 
C2 yi 
C232 
E212 
Ooi 
C212 
C253 
C3ai2 
C316 
P2 
P3 
CL 


CY 


° 
Distance (A) 


2.5041) 
PRs Rei bly) 
2.84 (1) 
Ae TOR, 
2203 (4) 
Zeal) 
Zeek) 
2.061) 
Se eras (aly, 
3.44 (1) 
36040) 
3. 48(1) 
Sor (el) 
So leave) 
3.40 (1) 
3u3 V(r) 
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Table 44 


Selected Intermolecular Contacts 


° 
Atom 1 Atom 2 Symmetry Operation Distance (A) 


(on atom 2) 


CL H113 xX, y, 1/2+z-1 Ze 
H123 H213 1/2-x, 1/2+y-1, 1/2+z-1 208 
H124 H134 x PY poz al O37 
H126 H234 xX, Y, z-l 243 
H132 H335 xX, VV; 2/2tz 200). 
H212 H225 1/2-x, 1/2t+y-1, 1/2+z 2.34 


H2a3 HO25 1/2 epee Vs lL ee 2.47 


AY Pla 


3; cute! - bale Gas 
| tS mods 0 _ 
<8 i-see\t 2 xin 
8E.8  feweS\E t-WHN Ge CES 
eee ina \¥ acin 
cbs I-e \¥ sesh 
cS a set\l VR @een 
bE 8 SHE\E . LAytS\L. eEME 2ssn 
v5 ace 


SOSNE ,inget\l ewe 


Lgg 


14 


Pugs 


A General View of the Red Form of RhC2L (P(CeH.) 3), 


“OCH 


ZILH | 
SEs Oe 


Ci 


a 


ce igtppreinaeite et 


¥ é 


LI 


Pigm 5 
Central Geometry Viewed down the P1-P3 Direction 


o 
. {O 


Tre 
yer ete 
ih bahia Byte 


Fig. 6 


View Perpendicular to the Pl-P2-P3 Piane 


if 


180 


Discussion 

The molecular structure of RAC£ (P(CeH,) 3) 3 in 
the red crystalline modification is shown in Fig. 14. 
Simplified views of the central portion of the molecule 
are given in Figs. 15 and 16. These diagrams should be 
compared with Figs. 11, 12 and 13 to observe the major 
differences and similarities between the molecular struc- 
ture in the red and orange allotropes. To a first 
approximation the rhodium coordination is square planar 
but a pronounced distortion towards a tetrahedral geometry 
iseevidcent a7 VYro. 15.9 This) distortion is greater than 
that observed for the orange modification as is clearly 
indicated by;a comparison of C2-Rh-P2 angles - 156.2(2)° 
(red) and 166.7(2)° (orange) - and P1-Rh-P3 angles 
— 152.8010" (red), and 159.1(2)° (orange). The actual 
deeeione from planarity for the RhCkP, fragment are 
given in Table 45. The magnitude of the distortion in 
the red form is sufficiently great that the only sig- 
nificant interligand repulsions occur between ligands 
directly bonded to rhodium. . Both forms distort from the 
planar geometry in the same way i.e. towards a tetrahedral 


geometry. This should be compared with a pyramidal 


distortion observed in RhLC2 (where L is the tridentate 
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phosphine ligand (CoH, ) P((C,H_¢)P(CeHe) 4) 5 . 
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It should be noted that the orange form is meta- 
stable and converts to the red form on prolonged reflux 
during the preparation. The methods of preparation of 
the two forms differ*only in the nature of the excess 
reagent (see Chapter II and references therein). The red 
form is prepared by slow addition of triphenylphosphine 
tolbrhodium trichloutdesvi.es the rhodi umeatrich loride fis 
normally in excess, whereas the orange form is prepared 


such that triphenylphosphine is the excess reagent. The 


difference is then kinetic and suggests that the immediate 


precursors to the forms of RAC R(P(CEHe) 3) 3 are different 
and dependent on the reaction conditions. In the orange 
form the product is not produced in its ground state. 

it could thus be temporarily locked fe in the metastable 
geometry by the particular arrangement of the triphenyl- 
phosphine groups. 

The rhodium-ligand distances (uncorrected for 

thermal motion) of this study, the equivalent values 


Vesa A and the relevant data on 


reported by Mason et al., 
RhLC& are compared in Table 46. 

The two determinations of the red form are in 
excellent agreement and no significant deviations can be 


detected. For the red form the rhodium-phosphorus bond 


lengths to the chemically equivalent phosphorus atoms 
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Table 46 


° 
Distances “(invA)- /from*Structures Containing “the 


RACLP, Fragment 

ANGLE, ) ghaRnclp ( RhLC2 

(red) (red) © (orange) 
Rhi-CL 2e316(4) 2os6 2.404 (4) 2 A381 (2) 
Rh-P 2.2uans) 220 222064) Ae OL. &2:) 
(PP crans storey) 
Ri-P 2224) 20320 2.304 (4) 2/288 (2) 
ephinane Peo cp yeme2es 3474 a Peznadi te 128329(ohack2.288(2)> 
LRh-ligand 92246 9.244 OZ al ORSss 
Rh P 6.870 6.861 65067 Gk ed 

this workre (rss7i40)) Chap. iV (140) 


@ p' represents triphenylphosphine 
related by symmetry to the value above 


C most.recent valwes for this work.are available as a 


private communication in ref. 140 


(Pl and P3) are the same within experimental error in 
contrast to an apparently significant difference in the 
orange form. In all four structure determinations the 
chemically unique rhodium-phosphorus bond is substan- 


tially shorter than the other two. As mentioned in 
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Chapter V this extreme shortening may be attributed to 
Significant T-acidity of triphenylphosphine. The complex 
RhLC2 shows considerably shorter rhodium-phosphorus dis- 


tances than RhCk (P (Ce H ) 


aS 


z 
bus) RAC2 (P(C- Hz) 3) 34 (red) form).; sthenrhodium 
atom has one -—particularly-close,,contact 1 with an ortho 


hydsogen poh theslLispheny) qroupis Thusycontact (Bh=Hbl2, 
Ladd A) is apparently caused by repulsions involving atoms 
on the opposite side of the phenyl group (Table 43). No 
aLtractive 'chatractereis pattached gtesth2s .contact ofalt 
should be noted that the short contacts in the orange form 
and RhLC% involve phenyls attached to the chemically 
unique phosphorus and correspond to H216 in Fig. 14. 

There appears to be a significant difference 
(A/o ~ 4) between the rhodium-chlorine bond lengths 
observed in the red (2.376(4) A) and the orange (2.404(4) 
A) forms. This difference persists even when the bond 
lengths are modified for the effects of thermal motion. 
This variation could be the result of the greater inter- 
ligand repulsions which are present in the orange crystals 
and it is reasonable that the effect should be noticeable 
in the weaker rhodium-chlorine bond rather than the rhodium- 
phosphorus bonds. Although the rhodium-phosphorus and rhodium 
-chlorine bond lengths support this view the difference may 


Simply be an artifact of the data and thus not significant. 
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The geometry of the triphenylphosphine ligands 
is normal with respect to the angles C-P-C and Rh-P-C 
(Table 42): G=PLe,Mereetiigand = 103°9¢"+¢?scomplexed 
Ligand” ~  l02);" Rn=P-C'=- 115° . "However the® geometry-is 
abnormal with respect to the phosphorus-carbon distances. 
The average of the six-phosphorus-carbon distances invol- 
Varo Pa and@ i's" 4S" 835 A whereas the other three dis- 
tances involving P2 average 1.850 A cL.” 12328 A for the 
free” ligand. ~No”'comparable trend’ is’ reported an ‘RhLc2. 
In fact in this molecule there is no apparent difference 
between P-C (sp°) SunGl (Bate (sp>) which has been observed 
in other phosphine complexes where the phosphorus is 
attached to aryl or alkyl substituents rte, The.com= 
parable values for the orange form were 1.838 A and 
tees ces, A respectively. Combining the data from the two 
modifications gives mean phosphorus-carbon bond lengths 
of Peso) (4) A eid ,G52(5) A for the ‘two types of tri- 
phenylphosphine ligands. By normal crystallographic 
standards the phosphorus-carbon bonds of the phosphine 
trans to the chlorine atom are significantly larger than 
normal “(A/o —~* 4) "white mo ‘convincing “difference as 
observed between the phosphorus-carbon distances of the 
LS Asa 


mutually trans phosphines, typical literature values 


and the average phosphorus-carbon bond distance (1.827(9) 
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observed in the dioxygen derivatives as mentioned in 
Chapters lil and iV. 

It would be pleasing if the extremely short 
rhodium-phosphorus bond, the lengthening of the associated 
phosphorus-carbon bonds and t-bonding could be related in 
a simple manner. Arguments using covalent radii for 
spherical atoms, to explain metal-phosphorus distances 
are tenuous since the geometry about the phosphorus atom 
is far from tetrahedral ae and an anisotropy of covalent 
radius is expected as a result of the different mixtures 


oO:  s “ahade' > Gchearacter in the various bonds ota Since 


the 3s and 3p orbitals have distinctly different radii oe 
then o-bonding alone would predict short metal-phosphorus 
and long phosphorus-carbon bond lengths when compared to 
‘values based on a simple covalent radius os for 
phosphorus. As mentioned the angular properties of the 
coordinated triphenylphosphine are essentially the same 
as the free ligand so such a description cannot explain 
the phosphorus-carbon distance variation. The difference 
could be explained by greater participation of phosphorus 
SO OLoLtals 2 tie PHOspNCLUs-Carbon,.o-bonding, 1.5 ane 
argument concerning the differences in radial properties 


of the phosphine atomic wave functions-is extended to 


include these orbitals. 
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The t-acidity of phosphine ligands involves 
phosphorus 3d orbitals and the o and tm components of iret 
bonding are not separable in this case, thus the 3d 
orbitals should also participate in o-bonding. The 
lengthening of the phosphorus-carbon bonds should then be 
related to the extremely short rhodium-phosphorus bond and 
N- Donding. | 

While this explanation may look plausible certain 
conflicting evidence does exist particularly in the struc- 
ture of RhLC& which should show very similar features to 
RhCL (P (Ce H-) 3) 3 with differences due to the constraints 
of the tridentate phosphine ligand. As indicated prev- 
iously the long phosphorus-carbon bonds do not exist in 
this structure. The explanation is then either incomplete 
Ob incorrect... The probability Of an error of this mag 
Hicude and direction, (0.02 A LOG, Long) win any or the 
structures under consideration seems low. There is a 
difference in the nature of the inductive effects a of 
the substituents of the chemically unique phosphorus atoms 
in these structures. In RhC£ (P(CEHE) 3) 3 the three sub- 
stituents are electron withdrawing phenyl groups whereas 
there is only one electron withdrawing phenyl group and 
two electron donating aliphatic chains in RhLC?. Thus 


the observed phosphorus-carbon bond lengthening might be 


very specific to triarylphosphines in an extensive T- 
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bonding situation. Considerably more data are required 
to solve this problem. 


Finally the structural trends of RhCLP ,! and 


its derivatives can be analysed. The molecules fall into 
two classifications: (a) coordinatively unsaturated - 

RhCLP 4, 
Saturated - (O,) RhCLP4, [(05) RhCLP.4].. The: trends, cor— 


RhCk (P45 (CS), RhCLPS(CFy), (b) coordinatively 


responding to ligand replacement within each group can 

be analysed and then trends associated with ligand addition 
can be deduced. The three species present in group (a) 
contain a common structural fragment RhCLP 4 with the “only 
differences being due to the ligand trans to the chlorine 
atom. The data for these complexes are summarised in 

Table 47. These data show a small range of rhodium- 
chlorine distances (the value 2.404 (4) A for the orange 


EOrm NOL RhC& (P (CEH, ) should probably be excluded from 


ae 
the comparison for reasons cited earlier). The significant 


changes in the rhodium-phosphorus bond lengths ets to 


the chlorine atom must then reflect changes in rhodium- 
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phosphorus t-bonding and the ligands can be arranged 
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Table 47 
Ligand trans to Cr Rh-C& Rh=Pa (rane to FP) Ref. 
° ° 
(A) (A) 
238 Go) 
P (CEH) 3 (red) Pe GOLA) 2 20 This work 
Ze S224) 
YEA A 8) 
P(C¢H_) (red) 2.386 2.326 Use 4G 
Fa ok 
(2.304 (4) 
P(C¢H.) 3 (orange) 22404 VASP O TS 2 1 ’ Chappe Vv. 
23368 (4) 
Pi. 305 (2) 
cs 2p 30 OCS) a ea O 12k 
Pe SETI EA9) 
2a 3 J fa3) 
CoF, Zee 1 eis Sie. 138 
Deo Cs) 


The group (b) compounds are compared in Table 
48, The common structural fragment is O,RhCLP 3. The 
geometry of these complexes can be treated as trigonal 
bipyramidal and the differences occur in an axial position. 
Within this series the rhodium-chlorine distances are 
effectively constant. The greatest changes occur in both 
the axial and equatorial rhodium-phosphorus distances. In 
the trts-phosphine complex these distances are longer by 
approximately 0.06 A and 0.08 A respectively. “This* dit- 


ference must be mainly due to the different axial ligands 


P)"arrd" 02% “The oxyodern in’ the axial posi tion’ has no 
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Table 48 
t ' 
Corus te ne he al iu: 
Distance (A) Distance (A) 
equatorial 
Rh-C2 2s 0 (3) 2a 3) 
Rh-P 2S) ZY OTIS ) 
a 2.081(8) F (2219817) 
Rh-O., 2.043 2.090 
ZO OSCe) 1 OCS ty) 
axial 
= sgt 
Rh-P 22S Dewar CS) 
lo.387(4) 
Sth other 
ligand p' ©O2* 
a - average of two distances. 


VaCaone O1bitalSwin GA SuUltabne Geometry to Sccept i 


electrons from the rhodium. Thus in O,RhCkLP, there are 


TFOoum Ligands  (SP" and=O competing for t-electron density 


>) 


whereas in the half unit of [O,RhCLP there are only 


i] 

alo 
three ligands (2P' and 0.) and it would be reasonable to 
expect the observed trend but not perhaps the magnitude. 


The average rhodium-oxygen distance is greater in the 


dimeric species than in the monomeric tris-phosphine 
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complex. However while the average is higher one dis- 
talicesiss Shorew(s. 983{ 7) A) and the other very long 
(255L0'8X 7) A). While it is difficult to assess how much 

of this assymmetry is due to the nature of the bridge in 
the dimer the difference parallels the trend observed in 
ORhCLP 4. In this latter case the rhodium-oxygen (0 
pseudo trans to P) distance was significantly longer than 
the rhodium-oxygen distance involving O pseudo trans to 
C2. In the dimeric species the magnitude of the dif- 
ference is much greater. In discussions of the 'trans' 
effect it is convenient to view the molecules as having 

a distorted octahedral geometry (i.e. each oxygen occupies 
a separate site rather than 05 occupying a@single coordin-— 
ation, Site) ter li thenocransi' teffect-is modified byy the 
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extent of t-bonding and the difference in rhodium- 


U 
3 
an increase in the 7y-bonding, then a more marked assym- 


phosphorus bond lengths (O.,RHCRP to [o,RhC2P5]) reflects 
metry for the bound dioxygen in [o,RhCcLP 3] 5 would be ex- 
pected regardless of the constraints due to bridge for- 
mation. 

The changes in geometry that accompany the 


chemical reaction: 


t ' 
RACLP - oO, =A O,RACkP 4 


can be summarised as follows: 
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(1) An oxygen molecule can be expected to approach an 
open site of RACLP 4 to form a Square pyramidal inter- 
mediate which transforms to a trigonal bipyramidal struc- 
ture by normal angular deformation. This is supported 

by the only major angular changes upon oxygenation being 
within the equatorial mlane ligands i(see Tables 12, 22, 
324, and 442 )e. 

(2) The rhodium-phosphorus bond lengths increase. 

(3) No change in rhodium-chlorine distances. 

The constancy of the rhodium-chlorine 
distances throughout the series and the variation in 
rhodium-phosphorus bond lengths supports the concepts 
of t-bonding for the ligands P' and 0,- Electro 


neutrality for the rhodium atom is then achieved by 


variations in the t-bonding components. 
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M.J. Bennett 
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Description 

Calculates Picker diffrac- 
tometer settings 
Calculates intensities, 
makes LP corrections for 
Picker data 

Refines axial lengths 
(modified by K. Simpson) 
Fourier summation for 
Patterson or electron 
density maps 

Calculates @stactingGpanra= 
meters for rigid bodies or 
hindered rotors. 
Absorption correction 
Salculator 

Enlarged version of SFLS5HR 
SEructure: .actor cal— 
culation and least squares 
refinement (modified by 

B. Foxman and W. Brooks) 
Calculates form factors 
curves from Cromer's coef- 
ficients 

Calculates bond lengths, 


angles and best planes 
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Calculates bond lengths, 
angles and associated 
errors (modified by B. 
ace W.L. Brooks and 
M. Elder) 

Writes plot command tape 
for Calcomp plotter 

Sorts reflection data ac- 
cording to any desired hk2& 
sequence 

Tabulates reflection data 
for publication (modified 


by M. Cowie) 


All programmes were run using an IBM 360 model 67 computer. 
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Appendix 2 
Conventional Crystallographic Symbols 
as Dertined in, Vol. 2 ,@Page xi,.-OL the 
International Tables for 


X-ray Crystallography 
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indices of the reflection from a set 
of parallel planes 
lengths of unit cell edges 
interaxial angles 
lengths of reciprocal unit cell edges 
interaxial angles in reciprocal space 
Eractiona! ‘coordinates of an atom a in 
MneS OL a,b 
Structure factor for the wnieb cell, cor 
responding to the Bragg reflection hk. 
mean square amplitude of atomic vibration 
Debye isotropic thermal parameter; 
B = gnu" 
anisotropic thermal parameters used to 
describe ellipsoidal electron dist- 
ribution of the anisotropically vib= 
rating atom; the temperature factor 
expression is then: 
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